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SUMMARY 


The  Biological  Interactions  of  Nanomaterials  (BIN)  project  focuses  on  biological 
characterization  of  nanomaterials  of  particular  interest  to  the  Air  Force.  This  report  describes  the 
basic  mechanism  of  biological  interactions  of  engineered  nanomaterials,  including  potential 
toxicities  arising  from  the  physicochemical  properties  uniquely  associated  with  nano-scale 
structures.  Two  key  areas  of  immediate  military  relevance  include  propulsion  and  munitions 
systems,  where  there  is  a  growing  need  for  nanoenergetics  and  other  novel  technologies  to 
satisfy  the  increasing  performance  demands.  This  research  acquired  the  fundamental  knowledge 
needed  to  improve  understanding  of  nano-bio  interaction  mechanisms  and  provided  in-depth 
analyses  of  corresponding  effects  on  biological  systems.  The  transition  from  6. 1  to  6.2  research 
will  yield  development  not  only  of  theoretical  predictive  bioresponse  models,  but  of 
nanobiotechnology  tools  such  as  biosensors.  This  knowledge  will  help  to  improve  nanomaterial 
safety  strategies  for  the  protection  of  both  human  and  environmental  health,  and  help  to  apply 
advanced  nanobiotechnology  to  the  development  of  future  weapon  systems.  The  technology  is 
transitioning  into  development  of  a  database,  the  web-interfaced  nanotechnology  environmental, 
safety  and  health  (ESH)  guidance  system,  for  predicting  health  effects  in  operational  scenarios. 
The  USAF  Aeronautical  System  Center  (ASC)  has  shown  great  interest  in  utilizing  such  a 
database.  This  program  transitioned  into  Air  Force  711  HPW/RH,  also  interested  in  using  this 
knowledge  to  develop  nano-biosensors.  This  program  also  transitioned  into  the  AFRL-NST 
program  to  develop  tools  to  address  Environment  and  Health  Effects  of  Nanoenergetics. 

Research  objectives  regarding  the  BIN  project  are  as  follows: 

•  Identify  the  exposure  concentrations  of  nanoparticles  that  are  lethal  to  specific  cell  types 
representing  the  liver  and  immune  system,  as  well  as  the  cellular  effects  generated  post¬ 
exposure. 

•  Assess  the  cellular  mechanisms  generated  from  exposure  to  these  nanoparticles  at  non-lethal 
doses,  which  is  more  representative  of  an  occupational  exposure. 

•  Collaborate  with  the  AFOSR  Multidisciplinary  Research  Initiative  (MURI)  Nanotoxicology 
Group  to  build  a  comprehensive  foundation  to  efficiently  predict  the  multiple  biologic  effects 
that  nanomaterials  assert  on  living  organisms. 


xi 
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INTRODUCTION 


General  Background 

Currently,  the  field  of  nanotechnology  is  growing  at  an  exponential  rate  and  engineered 
nanomaterials  are  being  incorporated  into  all  aspects  of  life.  Nanomaterials,  which  demonstrate 
one  dimension  in  1-100  nm  range,  possess  novel  physical  and  chemical  properties  that  have  been 
used  or  are  proposed  to  be  used  to  create  unique  devices  [1].  In  medicine,  proposed  uses  for 
nanomaterials  include:  drug  delivery,  imaging,  and  the  formation  of  bone  composites  [2-5], 
Furthermore,  companies  in  the  food  and  cosmetics  industries  have  incorporated  nanomaterials  to 
enhance  the  quality  of  their  products  [6],  Most  importantly,  these  nano  scale  materials  will  be 
useful  for  military  applications  such  as  portable  battlefield  remote  devices  to  monitor,  control 
and  improve  soldier  performance,  munitions,  and  energetic/reactive  systems  involved  with  the 
advancement  of  propulsion  technology  [7]. 

Unique  quantum  properties  of  nanomaterials  strongly  influence  their  physico-chemical 
properties,  conferring  electrical,  optical  and  magnetic  properties  not  present  in  corresponding 
bulk  materials  at  a  larger  scale.  For  example,  nanomaterials  have  a  much  larger  surface  area  to 
volume  ratio  than  their  larger  corresponding  particle  therefore  making  them  more  reactive.  This 
change  in  surface  area  is  just  one  of  the  many  ways  that  the  nanoparticle  (NP)  can  affect 
biological  interactions.  Other  features  of  NPs  to  take  into  consideration  include  size,  shape, 
aggregation,  solubility  and  surface  chemistry  (charge).  These  properties  are  dependent  on  the 
method  of  synthesis,  environment  and  sample  preparation  and  can  vary  from  batch  to  batch. 
Thus  all  NPs  are  not  created  equal. 

Recent  observations  in  biological  systems  suggest  that  the  physical  parameters  of  NPs 
can  affect  their  nonspecific  uptake  in  cells,  with  potential  to  induce  cellular  responses.  However, 
it  is  not  known  how  engineered  NPs  of  different  size,  structure,  shape  and  geometries  interact 
with  cells  and  the  molecular  events  involved  in  NP-  membrane  receptor  binding,  endocytosis 
and  subsequent  signaling  activation.  The  following  studies  demonstrate  the  effect  of 
nanomaterial  properties  on  toxicity  and  provide  insight  into  the  mechanisms  through  which  cells 
interact  with  nanomaterials. 


Introduction  by  Study 

Immune  suppression  in  MRSA-  infected  human  alveolar  co-cultures  treated  with  Al,  AI2O3, 
and  Al-OA  nanoparticles 

There  were  two  main  objectives  for  the  BIN  group  this  past  year,  including  1)  to 
standardize  characterization  methods  for  biological  testing  of  NPs  using  aluminum  as  benchmark 
material  and  2)  to  complete  development  of  in  vitro  models  for  toxicity  testing.  The  first 
objective  was  addressed  by  extensively  characterizing  nanomaterials  prior  to  and  during 
exposure  using  various  characterization  techniques,  which  will  be  described  in  the  Materials  and 
Methods  section.  In  addition,  dispersion  agents  were  varied  to  study  the  effect  that  a  solvent  has 
on  NP  size  and  toxicity.  Because  aluminum-based  NPs  are  commonly  used  in  jet  fuels  and 
munitions,  the  second  objective  was  achieved  by  using  the  human  alveolar  epithelial  cell  line, 
A549,  and  the  human  alveolar  macrophage  cell  line,  U937,  as  an  in  vitro  model  for  inhalation. 
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The  type  I  epithelial  cells  are  responsible  for  forming  the  structure  of  the  alveoli,  and  the 
macrophages  are  the  immune  cells  which  protect  the  epithelial  cells.  They  are  also  type  II  cells 
which  are  responsible  for  secreting  a  pulmonary  surfactant.  To  mimic  the  alveoli 
microenvironment  the  A549  epithelial  cells  were  co-cultured  with  the  U937  cells  in  a  3:1 
(A549:U937)  ratio  and  dispersed  the  NPs  in  an  artificial  lung  surfactant  prior  to  exposure  [8,9]. 
Once  the  toxicity  of  the  NPs  was  determined  using  viability  assays,  a  low  non-toxic 
concentration  of  NPs  was  selected  for  future  studies.  Since  the  immune  cells  in  the  lung  protect 
the  epithelial  cells,  the  co-cultures  were  exposed  to  aluminum  NPs  and  then  infected  with 
bacteria  and  changes  in  gene  expression  and  cytokine  secretion  were  assessed.  The  bacteria  we 
chose  to  study  were  the  USA  300  community-associated  Methicillin-resistant  Staphylococcus 
aureus  (MRSA)  because  it  is  a  respiratory  pathogen,  and  military  recruits  were  identified  by  the 
Centers  for  Disease  Control  as  one  of  the  “at-risk”  groups  for  this  type  of  infection  [10].  MRSA 
causes  necrotizing  pneumonia,  necrotizing  fasciitis,  and  toxic  shock  syndrome  in  otherwise 
healthy  individuals. 

Crystal  structure  mediates  mode  of  cell  death  in  HO2  nanotoxicity 

One  of  the  key  nanomaterials  that  has  been  immersed  in  the  market  place  is  titanium 
dioxide  (Ti02).  When  UO2  is  synthesized  in  the  NP  form,  these  materials  have  properties  of 
high  transparency  to  visible  light  and  high  ultra-violet  (UV)  absorption,  and  some  components  of 
visible  light  are  reflected  and  refracted  differentially,  which  leads  to  an  iridescent  quality.  These 
properties  have  generated  widespread  use  of  UO2  in  products  such  as  pearlescent  or  “metallic” 
paint  formulations  used  in  cosmetics,  hard  coatings,  plastics,  and  self-cleaning  additives  for 
porcelain,  ceramics,  and  specialty  coatings.  Other  UO2  applications  include  filters  that  exhibit 
strong  germicidal  properties  and  remove  odors,  and  UO2  has  been  used  in  conjunction  with 
silver  as  an  anti-microbial  agent  [11].  Furthermore,  due  to  its  photocatalytic  activity,  UO2  has 
been  used  in  waste  water  treatments.  This  photocatalytic  activity  is  influenced  by  the  crystal 
structure  (anatase  and/or  rutile),  surface  area,  size  distribution,  porosity,  surface,  and  hydroxyl 
group  density  [12]. 

UO2  occurs  in  four  forms,  but  the  two  main  crystal  structure  forms,  which  occur 
naturally  and  are  used  in  industry,  are  anatase  and  rutile  [12].  Nanotoxicity  studies  examining 
the  effects  of  TiC>2  have  shown  induction  of  inflammatory  responses,  cytotoxicity,  and  reactive 
oxygen  species  (ROS)  formation  in  a  variety  of  cell  types  and  tissues  [13-18],  However,  these 
early  nanotoxicity  studies  have  yielded  conflicting  data  which  identify  either  size  or  crystal 
structure  as  the  mediating  property  for  nano-TiC^  toxicity.  Ultrafine  TiC>2  particles  (29  nm) 
increased  inflammation  and  altered  macrophage  chemotactic  responses  in  rat  lungs,  when 
compared  to  TiC>2  particles  that  were  250  nm  [13].  In  addition,  TiC>2  particles  induce  oxidative 
damage  in  a  human  bronchial  epithelial  cell-line  in  a  size  dependent  manner  [27].  In  contrast, 
other  studies  have  shown  that  exposure  to  nanoscale  TiC>2  rods/dots  produced  inflammatory 
responses  that  were  not  different  from  pulmonary  effects  of  larger  Ti02  particles  in  rats,  and  that 
composition  of  nanoscale  titania  correlates  to  cytotoxicity,  with  the  anatase  TiC>2  being  more 
toxic  than  the  rutile  TiC>2  [14,16].  However,  it  is  important  to  note  that  none  of  these  studies 
examined  size  with  the  crystal  structure  composition  controlled  for  or  examined  crystal  structure 
while  controlling  the  size.  In  the  study  by  Renwick  et  al.  [13],  the  crystal  structure  composition 
of  the  two  different  types  of  TiCT  particles  is  not  identified,  and  in  the  study  by  Gurr  et  al.  [17], 
three  of  the  particles  are  anatase  while  the  fourth  is  rutile.  In  the  study  by  Warheit  et  al.  [14], 
which  contradicted  the  size  dependent  study,  300  nm  rutile  NPs  were  compared  to  TiC>2  rods  that 
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were  200  nm  x  35  nm  and  10  nm  anatase  dots.  The  size  and  shape  of  these  materials  were  not 
controlled  for  both  of  which  are  defined  as  characteristics  which  need  to  be  evaluated  prior  to 
toxicity  studies,  therefore,  an  accurate  crystal  structure  assessment  cannot  be  made  [19-22], 
Additionally,  the  study  by  Sayes  et  al.  [16]  did  not  consider  size  based  on  the  formation  of 
aggregates,  yet  Nel  and  colleagues  identified  aggregates  as  one  of  the  biokinetic  properties  of 
nanomaterials  that  must  be  taken  into  consideration  [22], 

The  goal  of  this  study  was  to  evaluate  the  role  of  size  in  TiC>2  nanotoxicity  with  NPs 
composed  of  the  same  crystal  structure  and  to  evaluate  crystal  structure  in  TiC>2  nanotoxicity 
with  NPs  of  a  similar  diameter.  We  chose  to  use  the  a  mouse  keratinocyte  cell-line  (HEL-30)  as 
a  model  for  dermal  exposure  since  nano-Ti02  is  used  in  cosmetics  and  sunscreens.  In  the  size 
dependent  studies,  all  the  NPs  are  100  percent  anatase  and  aggregate  sizes  were  determined  in 
order  to  take  into  account  the  effect  of  agglomeration  on  size  dependent  toxicity.  In  addition, 
varying  crystal  structures  were  assessed  while  the  size  of  the  particles  was  controlled. 

The  role  of  nanoparticle  charge  in  gold  nanotoxicity 

A  multitude  of  NPs  are  being  examined  for  biomedical  probes  in  applications  such  as 
purification,  sensing,  imaging,  and  drug  delivery.  One  main  metal  that  has  been  typically  used  in 
the  field  of  medicine  is  gold  (Au).  Gold  has  been  used  for  its  healing  properties  for  over  5,000 
years.  The  earliest  uses  date  back  to  the  Chinese  in  2500  B.C.  who  used  it  to  cure  any  number  of 
ailments.  The  ancient  Egyptians  used  gold  in  dentistry  and  ingested  it  for  mental,  spiritual  and 
bodily  purification,  and  gold  salves  were  used  in  ancient  Rome  to  treat  skin  diseases.  The 
famous  medieval  German  physician  and  alchemist  Paracelsus  developed  a  gold  colloidal  solution 
that  he  called  “aurum  potable”  that  he  claimed  was  a  cure  all  of  all  illness.  Today  gold  is  still 
widely  used  in  the  medical  field,  mostly  in  the  form  of  NPs.  Specifically,  gold  NPs  are  being 
used  as  novel  gene  and  drug-delivery  agents  to  kill  cancer  cells,  as  a  contrast  agent  in  medical 
imaging,  and  as  biological  sensors. 

There  are  conflicting  reports  on  the  toxicity  of  gold  NPs.  For  example,  Shukla  et  al.  [23] 
show  that  3.5  nm  gold  NPs  are  non-toxic  to  macrophages  and  do  not  initiate  stress-induced 
secretions  of  pro-inflammatory  cytokines  TNFa  or  IL-lp,  and  Connor  et  al.  [24]  also  show  gold 
NPs  (4,  12,  and  18  nm  with  different  surface-modifications)  are  non-toxic  to  human  cells. 
Murphy  et  al.  gave  a  good  review  of  other  studies  that  show  gold  NP  biocompatibility  [25]. 
However,  Pan  and  colleagues  [26]  recently  published  a  study  demonstrating  a  size  dependant 
toxicity  of  gold  NPs  with  1.4  nm  particles  being  the  most  toxic  and  Pemodet  and  co-workers 
[27]  illustrate  that  14  nm  gold  particles  cause  abnormal  actin  and  extracellular  matrix  in  dermal 
fibroblasts.  These  abnormal  proteins  in  turn  cause  a  major  decrease  in  cell  proliferation, 
adhesion  and  motility.  Lastly,  Goodman  et  al.  [28]  have  shown  that  the  charge  of  the  NP  also 
plays  a  role  in  toxicity.  Their  studies  show  cationic  gold  NPs  to  be  moderately  toxic,  while 
anionic  gold  NPs  of  the  same  size  are  non-toxic.  Clearly,  these  conflicting  results  show  that 
more  work  needs  to  be  done  in  this  field  on  any  NP  that  is  being  considered  for  use  in  the  human 
body. 

This  study  was  designed  to  determine  the  biocompatibility  of  gold  NPs  using  human 
keratinocyte  cell-line  (HaCaT)  as  a  model.  We  evaluated  the  cytotoxicity  of  gold  NPs  with 
different  ligands  (MEEE  which  makes  the  particles  neutral,  MES  which  makes  the  particles 
anionic,  and  TMAT  which  makes  the  particles  cationic)  with  diameters  of  0.8  nm,  1.5  nm  and  10 
nm. 
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Shape  matters:  Differential  cytotoxicity  observed  in  gold  nanospheres  and  nanorods 

Gold  NPs  are  being  used  in  sensing,  imaging,  and  treatment  of  certain  cancers  and  as 
novel  gene  and  drug  delivery  agents  due  to  their  unique  physical  and  chemical  properties. 
Despite  being  easily  accessible  and  found  in  a  wide  range  of  consumer  products,  the  cytotoxicity 
of  these  nanomaterials  has  not  been  thoroughly  examined.  Many  of  the  unique  properties  that 
must  be  evaluated  prior  to  making  claims  of  biocompatibility  are  size,  surface  area,  morphology, 
shape,  surface  charge,  and  crystal  structure.  The  majority  of  nanotoxicity  studies  have  focused 
on  size  and  very  few  have  assessed  the  role  that  shape  plays  in  determining  NP  toxicity.  This 
study  evaluated  the  cytotoxicity  of  gold  NPs  with  different  shapes.  Gold  nanorods  51  nm  in 
length  with  varying  diameters  were  compared  to  gold  nanospheres  12  nm  in  size  and  toxicity 
was  assessed  in  the  HaCaT  cell-line.  Cells  were  treated  with  varying  concentrations  (0-100 
jig/mL)  of  the  gold  nanomaterials  for  24  h,  and  biocompatibility  was  tested  using  cell  viability, 
membrane  integrity,  and  ROS  as  endpoints. 

Toxicity  of  amorphous  silica  nanoparticles  in  mouse  keratinocytes 

Silica  (silicon  dioxide,  Si02)  NPs  demonstrate  great  practical  importance  in  the 
fabrication  of  electric  and  thermal  insulators,  catalyst  supports,  drug  carriers  [29],  gene  delivery 
[30],  and  coating  processes,  and  are  also  used  as  adsorbents,  molecular  sieves,  and  fdler 
materials  [31].  Colloidal  silica  crystals  with  periodicity  within  the  optical  wavelength  scales  also 
have  a  photonic  band  gap  and  thus  have  electronic  applications  ranging  from  microwave  to 
optical  devices  [32],  The  interests  of  silica  ordered  particle  arrays  lie  in  the  fact  that  it  is  possible 
to  induce  wavelength  coalescence  with  the  close  packed  structure.  These  particle  arrays  can 
diffract  light  in  the  UV,  visible  and  near  infrared  regions  in  a  manner  analogous  to  x-ray 
diffraction  (XRD)  from  ordinary  mineral  crystals  [32-33],  Many  aspects  related  to  the  size  of 
these  materials  have  raised  safety  concerns  during  production,  their  use  in  consumer  products 
and  their  eventual  deposition  into  the  environment.  These  aspects  include  biological  availability, 
kinetics  and  dynamics  of  movement,  and  their  general  acute  and  chronic  effects.  Though  many 
engineered  NPs  could  provide  benefits  to  society,  their  interaction  with  biological  system  and 
potential  toxic/bioeffects  are  not  well  addressed  [34-37]. 

NPs  can  enter  the  body  via  different  routes  such  as  the  gastrointestinal  tract  [38],  lungs 
[39-40],  and  passage  through  skin  [21],  The  epidermis,  is  an  excellent  barrier  to  protect  the  body 
from  external  insult,  however  NPs  can  penetrate  through  the  broken  or  flexed  skin  [21],  NPs 
such  as  TiC>2  or  ZnO  in  sun  screens  can  penetrate  the  human  stratum  comeum  and  into  some  hair 
follicles,  but  not  in  deep  layer  of  skin.  Therefore,  although  the  skin  has  been  reported  as  non- 
permeable  to  allow  passage  to  the  organism  [31,41],  the  skin  and  its  cellular  components  do 
retain  the  full  burden  of  the  nanoparticulate  exposure.  The  objective  of  this  study  was  to 
illustrate  the  acute  effects  of  well-dispersed  and  different  sizes  of  silica  NPs  in  upper  layers  of 
the  skin  using  mouse  skin  epidermal  cells  or  keratinocytes.  The  objective  of  this  study  was  to 
illustrate  the  acute  effects  of  well  dispersed  and  different  sizes  of  silica  NPs  in  a  mouse 
keratinocyte  cell-line  (HEL-30).  These  particles  were  studied  for  determining  cellular  uptake, 
changes  in  mitochondria-based  viability,  membrane  leakage,  and  oxidative  stress. 

Unique  cellular  interaction  of  silver  nanoparticles:  Size  dependent  generation  of  reactive 
oxygen  species 

Recent  studies  have  demonstrated  the  importance  of  silver  NPs  for  anti-microbial  uses 
[42-44],  Silver  NPs  in  the  sub-50  nanometer  range  exhibit  increased  efficacy  in  killing  a  wide 
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range  of  bacteria  and  fungi.  Although  silver  nanomaterials  are  currently  widely  utilized  in 
modem  technology,  a  concrete  assessment  concerning  the  human  health  and  environmental 
implications  of  manufactured  nanomaterials  is  lacking.  Due  to  the  strong  affinity  of  silver  with  - 
SH  groups  [45],  it  is  likely  that  nano-silver  may  pose  a  great  potential  threat  to  human  health. 
The  toxicity  of  silver  exhibited  in  liver  cells  was  shown  to  be  mediated  by  oxidative  stress  [46]. 
In  addition,  silver  NPs  induced  toxicity  in  germ  line  stem  cells  [47],  There  is  a  tremendous  lack 
of  information  on  the  basic  toxicity  of  nano-sized  silver  and  its  interactions  with  cellular 
receptors,  extra/intra-cellular  proteins,  organelles  and  DNA,  which  needs  to  be  addressed.  The 
major  toxicological  concern  is  derived  from  redox  reactive  nature  of  some  manufactured 
nanomaterials  [48]  and  their  ability  to  cross  cell  membranes  into  critical  organelles  such  as 
mitochondria  [49]. 

In  vivo  exposure  to  NPs  is  likely  to  occur  through  inhalation,  dermal  contact,  and 
ingestion.  Deposition  of  inhaled  particulate  matter  has  been  found  to  be  dependent  on  size; 
consequently  silver  NPs  are  likely  to  have  an  effect  on  the  deep  regions  of  the  lung;  in  specific, 
the  alveolar  region  [50].  Therefore,  in  the  present  study  rat  alveolar  macrophages  were  selected 
as  a  model  cell  line  to  assess  the  degree  of  toxicity  and  explore  possible  biomechanisms  of 
toxicity  after  possible  inhalation.  Macrophages  are  generally  a  population  of  ubiquitously 
distributed  mononuclear  phagocytes  responsible  for  numerous  homeostatic,  immunological,  and 
inflammatory  processes.  Their  primary  function  is  to  act  as  scavengers,  roaming  the  lungs, 
engulfing  foreign  and  potentially  dangerous  matter.  Alveolar  macrophages  are  known  to  be 
extremely  effective  in  the  clearance  of  foreign  matter  by  internalizing  particulates  via 
phagocytosis  and  endocytosis  [51,52],  The  current  study  is  designed  to  model  NP  exposure  via 
inhalation  by  utilizing  rat  alveolar  macrophages  and  provide  a  general  evaluation  of  silver  NP 
toxicity  [53,54],  In  addition,  several  cellular  mechanisms  stemming  from  NP-induced  toxicity, 
including  oxidative  stress,  inflammatory,  and  immunological  responses  were  evaluated. 

Silver  nanoparticles  disrupt  GDNF  signaling  in  spermatogonial  stem  cells  independent  of 
nanoparticle  size  and  coating 

Silver  is  unique  among  antimicrobial  agents  in  that  it  has  a  broad  spectrum  of  action 
against  approximately  650  different  types  of  disease-causing  organisms  [55,56].  Current 
antimicrobial  uses  include  coating  of  wound  dressings  and  catheters  with  silver,  which 
effectively  reduces  bacterial  infections  [57,58].  While  this  metal  is  non-toxic  to  humans  and 
animals  in  its  bulk  chemical  form  [56],  it  is  unclear  what  impact  nano-sized  silver  has  on 
biological  systems.  With  the  advancement  of  nanotechnology,  silver  NPs  have  been  synthesized 
and  shown  to  be  effective  antimicrobial  agents  due  to  their  ability  to  bind  to  proteins  and 
interfere  with  bacterial  and  viral  processes  [59,60].  Therefore,  nano-sized  silver  has  found 
antimicrobial  uses  in  bandages,  in  coatings  on  clothing  and  other  surfaces,  and  in  paints  [55-68], 
Perhaps  one  of  the  most  interesting  potential  applications  is  the  ability  of  silver  NPs  to  bind  to 
HIV-1  and  prevent  the  virus  from  infecting  host  cells  [64],  Because  silver  NPs  bind  with  high 
affinity  to  proteins  and  glycoproteins,  the  cellular  interactions  of  these  NPs  with  human  tissues 
must  be  considered. 

Because  the  production  of  viable  sperm  is  essential  for  a  species  to  produce  offspring,  the 
germ  cells  of  the  testis  must  be  protected  from  damage.  Spermatogenesis  is  a  complex  process 
that  is  highly  sensitive  to  environmental  injury  [69].  Much  like  brain  cells  are  protected  by  the 
blood-brain  barrier,  the  cells  of  the  germ-line  are  protected  by  a  blood-testis  barrier  [70-75], 
which  NPs  are  capable  of  penetrating  [76].  We  have  recently  demonstrated  that  mammalian 
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spermatogonial  stem  cells  are  particularly  sensitive  to  silver  NPs  (15  nm),  which  induce  a 
significant  decline  in  their  proliferation.  The  molecular  mechanisms  leading  to  this  decrease  are 
not  known,  although  membrane  leakage  and  apoptosis  generally  appear  with  metal  NP 
concentrations  higher  than  10  pg/mL  [77], 

The  growth  factor  glial  cell  line-derived  neurotrophic  factor  (GDNF)  is  essential  for 
spermatogonial  stem  cell  self-renewal  in  vivo ,  and  mice  over  expressing  GDNF  develop  germ 
cell  tumors,  while  GDNF-null  mice  show  depletion  of  spermatogonial  stem  cells  [78].  In 
addition,  GDNF  also  promotes  spermatogonial  stem  cell  proliferation  in  vitro  via  the  Src  family 
kinase  (SFK)/phosphoinositide  3  (PI3)-kinase/Akt  pathway  [79-84],  Because  NPs  can  directly 
interact  with  proteins  [85],  we  sought  to  examine  whether  silver  NPs  at  concentrations 
considered  non-cytotoxic  in  standard  assays  can  interact  with  components  of  the  GDNF 
signaling  pathway  in  spermatogonial  stem  cells,  thus  elucidating  the  molecular  basis  of  growth 
inhibition.  Several  studies  have  shown  that  altering  the  surface  chemistry  of  NPs  is  effective  in 
preventing  toxicity  from  the  core  nanomaterial  [86-91]. 

In  this  study,  we  also  have  evaluated  the  role  of  size  and  surface  chemistry  in  the 
biological  interactions  of  silver  NPs.  We  used  silver  NPs  of  different  sizes  and  surface  coatings, 
such  as  hydrocarbon-coated  silver  (Ag-HC)  NPs  of  15  nm,  25  nm,  and  80  nm  diameters,  and 
polysaccharide-coated  silver  (Ag-PS)  NPs  of  10  nm,  25-30  nm,  and  80  nm  diameter.  Ag  130  nm 
particles  were  used  as  a  control.  The  polysaccharide  coating  was  used  to  promote  a  better 
dispersion  of  the  NPs  and  to  make  them  more  biocompatible  [92], 

Characterization  and  biocompatibility  of  “ green  ”  synthesized  silver  nanoparticles 

Nanostructured  noble  metals  have  found  widespread  use  in  several  technological 
applications  [93-97]  and  various  methods  have  been  exploited  to  meet  the  demands  [98-105]. 
Synthesizing  metal  and  semiconductor  NPs  is  gaining  interest  due  to  their  extraordinary 
properties  which  differ  from  when  they  are  in  bulk  and  recently,  there  is  a  renewed  interest  in 
applying  green  chemistry  principles  in  producing  the  same  [25,106-116],  For  example,  silver 
and  gold  NPs  produced  from  vegetable  oil  can  be  used  as  antibacterial  paints  [116].  Green 
chemistry  is  the  design,  development,  and  implementation  of  chemical  products  and  processes  to 
reduce  or  eliminate  the  use  and  generation  of  substances  hazardous  to  human  health  and  the 
environment  [117].  Strategies  to  address  mounting  environmental  concerns  with  current 
approaches  include  the  use  of  environmentally  benign  solvents,  biodegradable  polymers,  and 
nontoxic  chemicals.  In  the  synthesis  of  metal  NPs  by  reduction  of  the  corresponding  metal  ion 
salt  solutions,  there  are  three  areas  of  opportunity  to  engage  in  green  chemistry:  (i)  choice  of 
solvent,  (ii)  the  reducing  agent  employed,  and  (iii)  the  capping  agent  (or  dispersing  agent)  used. 
In  this  area,  there  has  also  been  increasing  interest  in  identifying  environmentally  friendly 
materials  that  are  multifunctional.  For  example,  the  tea  used  in  this  study  functions  both  as  a 
reducing  and  capping  agent  for  Ag  nanospheres.  In  addition  to  its  high  water  solubility,  low 
toxicity,  and  biodegradability,  tea  is  the  most  widely  used  behaviorally  active  drug  in  the  world. 
However,  until  recently  [118],  there  are  no  reports  on  the  preparation  of  noble  metals  using  tea 
extract. 

With  the  growing  concerns  on  the  biological  and  environmental  impacts  of 
nanomaterials,  the  focus  of  creating  nontoxic,  “green”  NPs  has  increased  significantly  [92-96], 
It  is  well  know  that  the  ancient  Greeks  and  Romans  took  advantage  of  silver’s  anti-microbial 
effects  and  used  silver  particles  to  fight  infections.  Our  previous  studies  have  indicated  that 
silver  NPs  have  a  size  dependent  cytotoxicity  where  the  smaller  particles  are  the  most  toxic;  in 
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addition,  the  mechanism  of  toxicity  is  ROS  [99].  Furthermore  it  has  been  shown  that  silver  NPs 
exhibit  an  increase  in  cytotoxic  effects  with  increased  concentrations  [25],  However,  it  has  also 
been  shown  that  surface  modifications  of  silver  NPs  can  dramatically  alter  the  toxicity  [100]. 
Therefore,  the  goal  of  this  study  was  to  synthesize  biocompatible  and  environmentally  friendly 
silver  NPs  and  test  their  cytotoxicity.  We  chose  to  use  rat  alveolar  macrophages  (MACs)  and 
HaCaT  as  in  vitro  models  of  exposure. 

In-vitro  biocompatibility  of  silver  nanoparticles  anchored  on  multi-walled  carbon  nanotubes 

Biological  functionalization  of  nanomaterials  has  come  to  be  of  significant  interest  in  the 
recent  years  due  to  the  potential  for  developing  sensitive  imaging  and  signaling  pathway 
detection  systems  [119]  as  well  as  possible  drug  delivery  systems  [120].  The 
biofunctionalization  of  nanomaterial  surfaces  can  result  in  aqueous  soluble  materials  which  can 
be  further  modified  with  active  molecules  making  them  compatible,  active,  specific  capture  field 
agents  and  useful  in  the  biological  systems. 

One  NP  with  possible  use  in  functionalization  is  silver  (Ag).  Nano-silver  possesses  a 
high  extinction  coefficient,  high  surface  plasmon  resonance  and  anti-microbial  properties  which 
are  less  toxic  then  the  bulk  form  [121,90],  Silver  nanomaterials  have  shown  a  variety  of  uses  in 
everyday  consumer’s  lives  such  as:  nanosilver  infused  storage  containers  [122],  nanosilver 
coated  surfaces  of  medical  devices  to  reduce  hospital  related  infections  [123],  bandages  [124], 
footwear  [125],  and  countless  household  items  which  claim  to  be  anti-microbial. 

Nanosilver  is  a  popular  additive  in  many  health  products  as  listed  above  due  to  its  unique  ability 
to  fight  infectious  diseases,  slow  the  growth  of  bacterium,  mold  and  germs.  While  all  of  these 
properties  appear  to  make  nanosilver  the  new  “wonder-drug”  of  the  nanotechnology  world, 
problems  arise.  The  problem  with  nanosilver  is  it  has  been  shown  to  be  toxic  in  a  size  dependent 
manner  according  to  Carlson  et.  al  [126],  The  toxicity  in  the  size  dependent  manner  is  shown  to 
be  due  to  ROS  production.  In  the  treatment  of  Macs,  the  toxicity  is  size  and  dose  dependent  with 
the  most  toxicity  occurring  with  Ag  15  nm  followed  by  Ag  55  nm  and  Ag  130  nm.  It  was  also 
found  that  the  smaller  sizes  (Ag  15-30  nm)  caused  decreases  in  mitochondrial  function  and 
membrane  integrity.  A  decrease  in  the  membrane  integrity  allows  the  leakage  of  the  ROS  outside 
the  cell  leading  to  apoptosis  [126].  Toxicity  of  silver  NPs  is  believed  to  be  due  to  the  strong 
affinity  of  silver  to  thiol  groups  [45],  Silver  has  also  been  shown  to  interact  with  DNA  and  cause 
it  to  lose  its  ability  to  replicate  [127],  which  shows  another  possible  mechanism  for  the  toxicity 
of  silver  NPs. 

In  an  effort  to  make  silver  NPs  less  toxic  Schrand  et.  al.  studied  the  toxicity  of  the  silver 
NPs  with  a  polysaccharide  coating.  The  polysaccharide  coated  particles  show  less 
agglomeration  and  it  is  therefore  easier  to  get  into  the  cells.  The  N2A  (neuronal)  cells  show 
greater  reduction  in  viability  in  the  Ag  25  uncoated  particles  verses  the  Ag  25  polysaccharide 
coated  particles;  therefore  determining  the  coating  reduces  the  toxicity  of  the  Ag  NPs.  Overtime 
the  coating  dissolves  in  the  body  again  rendering  the  cell  to  the  toxic  properties  of  the  silver  NPs 
[128], 

In  order  to  use  the  therapeutic  properties  of  the  silver  NPs  they  need  to  be  determined 
non-toxic.  One  possible  method  for  reducing  the  toxicity  of  silver  NPs  is  to  functionalize  them 
on  multi-walled  carbon  nanotubes  (MWCNT).  Multi-walled  carbon  nanotubes  consist  of 
multiple  layers  of  graphite  rolled  up  to  form  a  tube  with  a  length  to  diameter  ratio  greater  than 
1,000,000.  Two  models  exist  for  MWCNT,  including  the  Russian  Doll  Model  and  the 
Parchment  model.  The  Russian  doll  model  consists  of  concentric  graphite  cylinders  placed  one 
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inside  of  the  next.  The  parchment  model  is  a  sheet  of  graphite  rolled  up  such  as  in  a  parchment 
scroll.  Carbon  nanotubes  have  many  distinct  properties  such  as  strength  10-100  times  greater 
than  the  strongest  steel,  but  with  a  fraction  of  the  weight  due  to  sp2  bonds.  They  also  possess 
exceptional  thermal  and  electrical  properties  making  them  useful  for  several  devices  such  as 
field-emission  displays  [129],  microscopy  [130],  microelectronics  [131]  and  possibly  drug 
delivery  [120], 

Multi-walled  nanotubes  have  the  possibility  for  use  in  drug  delivery  systems  due  to  their 
chemical  structure  and  unique  ability  to  be  functionalized.  Functionalization  of  single  walled 
nanotubes  (SWCNT)  leads  to  breakage  of  C=C  bonds  leaving  holes  in  the  structure  causing 
changes  in  properties  of  the  nanotubes.  Unlike  the  SWCNTs,  MWCNTs  do  not  have  bond 
breakage  and  therefore  there  are  no  holes  in  the  tube  and  they  maintain  their  unique  properties. 
Along  with  losing  their  chemical  properties  SWCNTs  have  shown  toxicity  in  HaCaT  cells  [132], 
Upon  exposure  to  the  SWCNTs,  the  HaCaT  cells  showed  an  increase  in  oxidative  stress  as  well 
as  morphological  changes,  which  are  attributed  to  the  iron  catalyst  within  the  SWCNT.  The 
response  of  the  keratinocytes  to  the  SWCNTs  is  similar  to  dermatological  disorders  including 
pigmentation  changes,  inflammation,  prophyrias  and  some  skin  cancers  and  is  often  referred  to 
as  carbon  fiber  dermatitis. 

Information  about  the  dermal  toxicity  of  MWCNTs  is  unknown  and  contradictory  at  this 
time.  However,  MWCNTs  have  been  shown  to  be  biocompatible  with  neuronal  cells  such  as  in 
the  study  by  Hu  et  al.  [133],  This  study  demonstrated  the  ability  of  astrocytes  to  bind  to  the 
tubes  leading  to  a  reduction  in  scar  tissue  normally  found  with  the  implantation  of  neuronal 
devices.  Biocompatibility  of  MWCNTs  has  also  been  show  in  osteoblasts.  A  study  by  Elias  et 
al.  [134]  showed  osteoblasts  were  able  to  proliferate  at  higher  rates  on  the  nanotubes  indicating  a 
non-toxic  possibility  for  bone  regeneration. 

A  previous  report  about  the  toxicity  of  MWCNTs  in  mouse  keratinocytes  by  Grabinski  et 
al.  showed  high  levels  of  ROS  production  upon  exposure  to  MWCNTs  [135].  The  report  also 
states  the  toxicity  shown  by  the  MWCNTs  is  likely  due  to  the  iron  impurities  found  in  the 
MWCNTs.  Therefore,  pure  MWCNTs  show  promise  for  a  biocompatible  interaction  with 
human  keratinocytes.  MWCNTs  could  be  the  answer  to  gaining  the  anti-microbial  benefit  of 
silver  NPs.  This  study  will  determine  if  the  functionalization  of  silver  NPs  on  MWCNTs  could 
be  used  in  future  drug  delivery  systems  by  delivering  silver  to  the  cell  in  a  non-toxic,  non- 
invasive  method. 

Biocompatibility  of  carbon  foam  substrates  for  osteoblast  growth 

Carbon  is  available  in  many  forms,  such  as  solid  graphite,  diamond,  as  well  as  nanotubes, 
nano-plates,  and  buckyballs.  A  relatively  new  structure  currently  being  studied  is  microcellular 
carbon  foam.  It  can  be  used  in  an  array  of  applications  such  as  heat  exchangers,  radiators, 
composite  cores,  as  well  as  in  products  that  require  controlled  electrical  and  thermal  properties  in 
porous  materials.  Though  graphite  is  known  to  be  a  bio-compatible  material,  not  much  research 
has  been  done  on  the  possibility  of  using  microcellular  foams  as  scaffolding  for  in-vitro  tissue 
and  cell  growth.  This  study  aims  at  investigating  the  influence  of  various  surface  topography 
and  modifications  on  osteoblast  and  neuroblastoma  cell-lines.  Recent  focus  is  on  cell 
proliferation  and  viability  on  foam  grafted  with  carbon  nanotubes  which  may  direct  growth 
directions.  This  study  will  potentially  lead  to  methods  of  speeding  and  controlling  cell  growth 
related  to  bio-sensing  and  tissue  healing. 
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MATERIALS  AND  METHODS 


General  Background 
Nanomaterial  characterization 

In  recent  years,  it  has  become  evident  that  it  is  necessary  to  systematically  and  accurately 
define  particle  characteristics  in  correlation  to  potential  toxicity  of  NPs  in  a  biological  system  to 
ensure  that  results  are  reproducible  [1,8].  NP  affects  on  biological  activity  are  unknown  at  this 
point;  therefore  accurate  characterization  of  these  materials  is  essential  to  provide  the  basis  for 
understanding  the  properties  of  NPs  that  determine  their  biological  effects  [9].  There  are  unique 
properties  that  lend  themselves  to  nanomaterials  and  differentiate  them  from  their  bulk 
counterparts.  However,  the  burden  of  testing  the  same  parameters  for  bulk  materials  before 
conducting  a  nanotoxicity  study  would  be  overwhelming  and  costly  to  researchers.  Therefore, 
certain  characteristics  have  been  identified  which  must  be  considered  for  the  characterization  of 
nanomaterials  prior  to  study  and  these  properties  are:  size,  shape,  dispersion,  physical  and 
chemical  properties,  surface  area,  and  surface  chemistry  [9-12],  Many  of  these  properties  can  be 
evaluated  using  dry,  powdered  nanomaterials,  yet  one  question  that  remains  is  whether 
nanomaterials  retain  the  same  properties  once  in  solution.  This  is  a  critical  question  that  must  be 
addressed  because  upon  exposure,  nanomaterials  will  come  in  contact  with  and  potentially 
become  dispersed  in  a  variety  of  bodily  fluids.  Furthermore,  in  some  cases,  in  vitro  testing  is 
used  to  determine  the  predictive  toxicity  of  nanomaterials  before  proceeding  to  in  vivo  studies, 
and  the  nanomaterials  must  be  dispersed  in  order  to  dose  the  cells.  Characterization  methods 
commonly  used  in  recent  studies  to  measure  properties  of  both  dry  NPs  and  NPs  dispersed  in 
solution  are  listed  in  Table  1. 


Table  1.  Methods  for  Characterizing  N 

lanoparticles 

Material  Property 

Sample  Type 

Method 

Instrument  /  Location 

Size 

NPs  in  solution 

Dynamic  Light  Scattering  (DLS) 

Malvern  Zetasizer  Nano  ZS 
/  In-House 

Surface  charge 

NPs  in  solution 

Laser  Doppler  Velocimetry  (LDV) 

Malvern  Zetasizer  Nano  ZS 
/  In-House 

Size,  structure,  morphology 

Wet  or  dry  NPs 

Atomic  Force  Microscopy  (AFM) 

Veeco  Bioscope  II  AFM 
/  In-House 

Size  and  morphology 

Dry  NPs 

Transmission  Electron  Microscopy 
(TEM) 

H-7600  Hitachi  TEM 
/  UD  NEST 

Size  and  morphology 

Dry  NPs 

Scanning  Electron  Microscopy 
(SEM) 

S-4800  Hitachi  HRSEM 
/  UD  NEST 

Absorption  /  Emission 
Spectra 

Dry  NPs 

UV-Vis  Spectroscopy 

BioTek  Synergie  HT/  In- 
House 

Composition 

Dry  NPs 

Energy  Dispersive  Analysis  using 
X-ray  (ED AX) 

Philips  XL-30  eSEM  /  RX 
Zeiss  EVO-50XVP  eSEM  / 
UD  NEST 

For  DLS  measurements  using  the  the  Malvern  Zetasizer  Nano  ZS,  the  mean  particle 
diameter  is  calculated  by  the  software  from  the  particle  distributions  measured,  and  the 
polydispersity  index  (Pdl)  given  is  a  measure  of  the  size  ranges  present  in  the  solution  [143]. 
The  Pdl  scale  ranges  from  0  to  1 ,  with  0  being  monodisperse  and  1  being  polydisperse.  The 
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software  calculates  the  Pdl  value  from  the  G1  correlation  function  and  from  parameters  defined 
in  the  ISO  standard  document  13321 : 1996  E. 

Characterization  of  biological  interactions  with  nanomaterials 

Once  NPs  are  exposed  to  an  in  vitro  model,  it  is  necessary  to  assess  the  resulting 
biological  interactions,  including  the  effect  of  NP  exposure  on  cellular  function,  uptake  of  NPs 
into  cells,  and  interaction  of  the  NPs  with  cell  structures.  Various  biochemical  assays  and 
imaging  methods  are  used  to  evaluate  these  responses.  Methods  most  commonly  used  in  recent 
studies  are  summarized  in  Table  2. 


Table  2.  Methods  for  Characterizing  Biological  Interactions  with  Nanomaterials 


Material  Property 

Sample  Type 

Method 

Instrument  /  Location 

Size,  structure, 
morphology,  and  uptake 

Live  or  fixed  cells 

Atomic  Force  Microscopy  (AFM) 

Veeco  Bioscope  II  AFM  /  In- 
House 

Cell  morphology  and 
fluorescently  tagged 
cellular  structures  /  NPs 

Live  or  fixed  cells 

Confocal  (Spinning  Disk) 
Microscopy 

BD  Biosciences  Pathway  435 
/  In-House 

Cell  morphology  and 
cellular  structures  /  NPs 
(stained  or  unstained) 

Live  or  fixed  cells 

Darkfield  and  Fluorescence 
Microscopy 

CytoViva  System  with  Dual 
Mode  Fluorescence 
/  In-House 

Size,  morphology,  and 
uptake 

Fixed  cell  sections 

Transmission  Electron  Microscopy 
(TEM) 

H-7600  Hitachi  TEM 
/  UD  NEST 

Size  and  morphology 

Fixed  cells 

Scanning  Electron  Microscopy 
(SEM) 

S-4800  Hitachi  HRSEM 
/  UD  NEST 

Absorbance  and 
fluorescence 

Biochemical 
assays  on  cells 

Spectroscopy 

SpectraMAX  microplate 
readers  and  BioTek  Synergy 
plate  reader  /  In-House 

Commonly  tested  biochemical  endpoints  include  cell  viability,  cell  membrane  integrity, 
and  oxidative  stress.  A  common  method  of  measuring  cell  viability  is  the  MTS  assay.  MTS  is  a 
biochemical  assay  that  measures  the  cell  viability  (based  on  mitochondrial  function  of  the  cell) 
using  the  reagent  [3-(4,5-dimethylthiazol-2-yl)-  5-(3-carboxymethonyphenol)-2-(4-sulfophenyl)- 
2H-tetrazolium,  inner  salt],  abbreviated  as  MTS.  This  assay  is  a  colorimetric  assay  that 
measures  the  ability  for  cellular  mitochondria  to  reduce  a  tetrazolium  based  chemical  to  a 
formazan  salt. 

The  lactate  dehydrogenase  (LDH)  assay  is  commonly  used  to  evaluate  cell  membrane 
integrity.  LDH  is  an  enzyme  that  leaks  out  of  the  cell  when  the  plasma  membrane  integrity  is 
altered  or  disrupted.  At  the  end  of  24-h  exposure,  LDH  levels  in  the  media  versus  the  cells  are 
quantified  and  compared  to  control  values  using  a  multi-well  plate  format  and  a  microplate 
reader  (Molecular  Devices,  Sunnyvale,  CA)  at  340  nm  according  to  the  manufacturer’s 
procedure. 

Oxidative  stress  is  commonly  assessed  by  measuring  the  formation  of  ROS.  In  the  ROS 
assay,  cells  are  treated  with  fluorescent  probe  2’,7’-dichlorodihydrofluorescein  diacetate  (DCLH- 
DA)  for  30  min  under  dark  conditions  before  dosing  the  cells  with  NPs.  After  removing  media, 
cells  are  exposed  to  the  NPs  and  free  radical  production  is  tested  by  measuring  the  fluorescence 
of  the  cells  in  a  multi-well  fluorescence  plate  reader  at  excitation  485  nm  and  emission  at  530 
nm.  Acellular  ROS  is  measured  using  a  modified  assay  to  test  for  ROS  using  the  previous 
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method  without  the  presence  of  cells  and  using  horseradish  peroxidase  (HRP)  to  mimic  cellular 
enzymes. 

For  fluorescent  imaging  techniques,  various  fluorescent  tags  can  be  applied  to  live  or 
fixed  cells.  Fluorescent  tags  will  be  described  in  the  specific  studies  for  which  they  were  used. 
Materials  and  methods  employed  in  each  individual  study  are  described  in  the  following 
sections. 


Materials  and  Methods  by  Study 

Immune  suppression  in  MRSA-  infected  human  alveolar  co-cultures  treated  with  Al,  AI2O3, 
and  Al-OA  nanoparticles 

The  first  objective  in  this  study  was  to  develop  a  standard  protocol  for  characterizing 
nanomaterials  for  biological  studies.  Aluminum-based  NPs  were  extensively  characterized  prior 
to  and  during  exposure  using  TEM  to  yield  information  on  primary  particle  size  and 
morphology,  DLS  to  provide  the  size,  and  LDV  for  the  charge  of  NPs  in  solution.  Dispersion 
agents  were  varied  to  study  the  effect  that  a  solvent  has  on  NP  size  and  toxicity.  In  particular, 
NP  size  was  measured  in  an  artificial  lung  surfactant  to  mimic  exposure  conditions.  Aluminum 
NPs  were  synthesized  by  Dr.  Chris  Bunker’s  group  with  oleic  acid  (Al-OA).  Previous  aluminum 
studies  had  been  performed  by  members  in  our  group  using  aluminum  oxide  (AI2O3)  and 
aluminum  NPs  from  NovaCentrix  so  these  NPs  were  also  studied. 

The  second  objective  was  to  develop  an  in  vitro  model  for  toxicity  testing  in  order  to 
evaluate  the  effects  of  aluminum  NPs  on  biological  systems.  Based  on  their  uses  in  jet  fuels  and 
munitions,  the  most  likely  scenario  for  exposure  is  inhalation.  Therefore,  the  human  alveolar 
epithelial  cell  line,  A549,  and  the  human  alveolar  macrophage  cell  line,  U937,  were  chosen  as  an 
in  vitro  model  for  inhalation.  For  in  vitro  studies,  the  A549  and  U937  cells  were  first  cultured 
separately,  and  cell  viability  was  assessed  after  a  24,  48,  and  72  hour  exposures  at  concentrations 
ranging  from  0-500  pg/mL.  Since  these  cells  are  found  together  in  the  alveoli,  the  cells  were 
then  cultured  together  in  a  3:1  (A549:U937)  ratio,  and  NPs  were  dispersed  in  an  artificial  lung 
surfactant  prior  to  exposure  [8,9],  Cell  viability  after  exposure  was  determined  using  a  Live 
Cell/Dead  Cell  staining  kit  from  Biovision. 

To  assess  the  ability  of  the  immune  cells  in  the  lung  to  protect  the  epithelial  cells,  the  co¬ 
cultures  were  exposed  to  aluminum  NPs  and  then  infected  with  bacteria.  Changes  in  the 
phagocytic  function  of  macrophages,  as  well  as  gene  expression  and  cytokine  secretion  were 
assessed. 

Crystal  structure  mediates  mode  of  cell  death  in  HO2  nanotoxicity 

The  goal  of  this  study  was  to  evaluate  the  role  of  size  in  TiC>2  nanotoxicity  with  NPs 
composed  of  the  same  crystal  structure  and  to  evaluate  crystal  structure  in  TiC>2  nanotoxicity 
with  NPs  of  a  similar  diameter.  We  chose  to  use  the  HEL-30  mouse  keratinocyte  cell  line  as  a 
model  for  dermal  exposure  since  nano-TiC>2  is  used  in  cosmetics  and  sunscreens.  In  the  size 
dependent  studies,  all  the  NPs  are  100  percent  anatase  and  aggregate  sizes  were  determined  in 
order  to  take  into  account  the  effect  of  agglomeration  on  size  dependent  toxicity.  In  addition, 
varying  crystal  structures  were  assessed  while  the  size  of  the  particles  was  controlled.  NP  size 
and  morphology  were  examined  in  dry  form  using  TEM.  DLS  was  used  to  assess  the  size  of 
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NPs  dispersed  in  water  and  cell  media,  and  LDV  was  used  to  assess  particle  charge  of  NPs 
dispersed  in  water. 

Cell  viability  after  NP  exposure  was  evaluated  using  the  MTS  assay,  oxidative  stress  was 
assessed  by  measuring  the  formation  of  ROS,  and  membrane  integrity  was  evaluated  using  the 
LDH  assay. 

The  role  of  nanoparticle  charge  in  gold  nanotoxicity 

This  study  was  designed  to  determine  the  biocompatibility  of  gold  NPs  using  the  HaCaT 
cell-line  as  a  model.  We  evaluated  the  cytotoxicity  of  Au  NPs  with  different  ligands  (MEEE 
which  makes  the  particles  neutral,  MES  which  makes  the  particles  anionic,  and  TMAT  which 
makes  the  particles  cationic)  with  0.8  nm,  1.5  nm  and  lOnm  diameters.  CytoViva  and  TEM 
microscopy  were  used  to  visualize  the  uptake  of  10  pg/mL  of  NPs  into  the  keratinocytes.  MTS, 
LDH,  and  ROS  assays  were  performed  to  assess  the  toxicity  of  the  NPs  at  different 
concentrations  (0,  10,  25,  50,  and  100  pg/mL),  and  real-time  polymerase  chain  reaction  (PCR) 
was  used  to  determine  if  gene  expression  of  DNA  damage  genes  was  up  or  down-regulated. 

Shape  matters:  Differential  cytotoxicity  observed  in  gold  nanospheres  and  nanorods 

The  majority  of  nanotoxicity  studies  have  focused  on  size  and  very  few  have  assessed  the 
role  that  shape  plays  in  determining  NP  toxicity.  This  study  evaluated  the  cytotoxicity  of  gold 
NPs  with  different  shapes.  Gold  nanorods  51  nm  in  length  with  varying  diameters  were 
compared  to  gold  nanospheres  12  nm  in  size.  Particle  size  and  morphology  was  determined 
using  TEM.  For  cellular  uptake  studies,  cells  were  plated  on  chambered  slides  and  exposed  to  25 
pg/inL  of  each  particle  for  24  hours.  After  exposure,  the  cells  were  fixed  with  methanol  and 
mounted  using  Permount.  CytoViva  imaging  was  used  to  determine  whether  the  particles  had 
been  taken  into  the  cell. 

Toxicity  was  assessed  in  the  HaCaT  cell-line.  The  cells  were  treated  with  varying 
concentrations  (0-100  pg/mL)  of  the  gold  nanomaterials  for  24  hours,  and  biocompatibility  was 
tested  using  cell  viability,  membrane  integrity,  and  ROS  as  endpoints.  For  cytotoxicity  assays,  a 
96  well  plate  was  seeded  with  50,000  HaCaT  cells  per  well  and  allowed  to  grow  overnight  at 
37°C.  The  next  day,  the  cells  were  treated  with  5,  10,  25,  50,  and  100  pg/m L  concentrations  of 
each  of  the  gold  particles.  Cell  proliferation  and  viability  were  assessed  using  both  the  MTS 
assay  and  CellTiter  96  Aqueous  One  Solution  Cell  Proliferation  Kit  from  Promega. 

Toxicity  of  amorphous  silica  nanoparticles  in  mouse  keratinocytes 

The  objective  of  this  study  was  to  illustrate  the  acute  effects  of  well  dispersed  and 
different  sizes  of  silica  NPs  in  mouse  keratinocytes  cells.  The  DLS  method  was  used  to 
characterize  silica  NP  sizes.  To  verify  the  uptake  of  NPs,  cells  were  incubated  with  100  pg/mL 
of  silica  NPs  for  24  hours,  followed  by  imaging  with  TEM.  These  particles  were  studied  for 
determining  cellular  uptake,  changes  in  mitochondria-based  viability,  membrane  leakage, 
reduced  glutathione  (GSH),  and  oxidative  stress. 

GSH  possessing  significant  density  of  a  free  reductive  thiol  group  for  the  cell  is  an 
important  antioxidant  for  cells.  During  the  process  to  remove  hydrogen  peroxide  or  lipid 
peroxides,  GSH  (reduced  form)  becomes  oxidized  to  GSSG  which  is  then  recycled  to  GSH  by 
the  enzymes  in  the  cells.  GSH  was  measured  after  24  hour  exposure  of  silica  NPs,  using  a 
glutathione  assay  kit  by  Cayman  Chemical  Company  (Ann  Arbor,  MI).  GSH  levels  were 
compared  with  the  control  values. 
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Unique  cellular  interaction  of  silver  nanoparticles:  Size  dependent  generation  of  reactive 
oxygen  species 

Deposition  of  inhaled  particulate  matter  has  been  found  to  be  dependent  on  size; 
consequently  silver  NPs  are  likely  to  have  an  effect  on  the  deep  regions  of  the  lung;  in  specific, 
the  alveolar  region  [50].  In  the  present  study,  rat  alveolar  macrophages  (MAC)  were  selected  as 
a  model  cell-line  to  assess  the  degree  of  toxicity  and  explore  possible  bio-mechanisms  of  toxicity 
after  possible  inhalation. 

Cell  viability  was  assessed  via  the  MTT  assay.  Additionally,  several  cellular  mechanisms 
stemming  from  NP-induced  toxicity  were  assessed,  including  oxidative  stress,  and  inflammatory 
and  immunological  responses.  Oxidative  stress  was  measured  using  the  ROS  assay.  The 
mitochondrial  membrane  potential  (MMP)  was  evaluated  after  24  hour  of  exposure  to  different 
concentrations  of  silver  NPs.  For  this  assay,  cells  were  incubated  with  Mit-E-T  reagent  then 
examined  for  fluorescent  intensity  relative  to  control  cells  (100  percent)  with  microplate  reading. 
Fluorescent  intensity  data  expressed  as  percent  of  control  as  means  ±  SD  of  three  independent 
experiments.  For  qualitative  determination  of  MMP,  NP  exposed  cells  were  incubated  with  Mit- 
E-'P  reagent  and  Hoescht  33342  stain  then  imaged  using  the  BD  pathway  435  confocal 
microscope. 

Silver  nanoparticles  disrupt  GDNF  signaling  in  spermatogonial  stem  cells  independent  of 
nanoparticle  size  and  coating 

Hydrocarbon-coated  silver  (Ag-HC)  NPs  of  15  nm,  25  nm,  and  80  nm  diameters  were 
synthesized  and  generously  received  in  powder  form  from  Dr.  Karl  Martin  of  NovaCentrix, 
Austin,  TX  (formerly  Nanotechnologies,  Inc.).  For  these  NPs,  the  surface  HCs  are  not  a 
continuous  coating,  but  rather  an  artifact  of  the  manufacturing  process  that  uses  HC  to  prevent 
sintering  of  the  Ag  NPs  during  plasma  synthesis.  Polysaccharide-coated  silver  (Ag-PS)  NPs  of 
10  nm,  25-30  nm,  and  80  nm  diameters  were  received  dispersed  in  solution  from  Dr.  Dan  Goia’s 
Laboratory  at  Clarkson  University,  Potsdam,  NY.  For  these  NPs,  there  was  a  continuous  coating 
around  the  NPs. 

The  C 1 8-4  cell  line  was  established  by  stably  transfecting  type  A  spematogonia  with  the 
Large  T  antigen  gene  driven  by  the  ecdysone  promoter.  The  cells  were  grown  in  a  1:1  mixture 
of  Dulbecco's  Modified  Eagle's  Medium/Nutrient  F-12  Ham  (DMEM/Ham's  F-12,  Hyclone) 
supplemented  with  10  percent  fetal  bovine  serum  (FBS),  2  mM  glutamine  and  1  percent 
penicillin/streptomycin  (pen/strep).  For  cultures  that  required  serum  starved  conditions,  FBS 
was  replaced  with  10  percent  synthetic  Nu  serum  (BD  Biosciences,  San  Jose,  CA).  Cells  were 
plated  in  6-well  or  96-well  tissue  culture  plates  (Falcon,  Fisher  Scientific,  Pittsburgh,  PA)  and 
incubated  at  34  degrees  C  and  5  percent  CO2  in  a  humidified  incubator.  Once  the  cells  were  80 
percent  confluent  they  were  treated  with  a  range  of  concentrations  of  different  silver  NPs. 

The  various  silver  particles  were  characterized  using  TEM  to  obtain  NP  size  and 
morphology  at  an  accelerating  voltage  of  lOOkV.  NPs  were  examined  after  suspension  in  water 
(1  mg/mL)  and  subsequent  deposition  onto  formvar/carbon-coated  TEM  grids  (~10  pL). 
Information  on  mean  size  and  standard  deviation  was  calculated  from  measuring  over  300  NPs  in 
random  fields  of  view  in  addition  to  images  that  show  general  morphology  of  the  NPs.  Particle 
size  in  solution  was  determined  using  DLS.  Samples  were  prepared  as  described  for  TEM  and 
vortexed  to  provide  a  homogeneous  solution.  A  1.5  mL  aliquot  of  solution  prepared  at  a 
concentration  of  50  pg/mL  was  transferred  to  a  square  cuvette  for  DLS  measurements. 
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X-ray  photoelectron  spectroscopy  (XPS)  was  used  to  determine  NP  composition  and 
surface  coating  compostion.  XPS  characterization  was  performed  on  a  Surface  Science  Labs 
SSX-100  system.  This  instrument  has  a  monochromatic  aluminum  x-ray  source  with  a  nominal 
x-ray  beam  diameter  of  600  pm.  The  A1  K(alpha)  x-ray  energy  used  was  1486.6  eV.  To 
generate  these  x-rays,  an  aluminum  anode  is  bombarded  by  an  electron  gun  operating  at  10  kV 
with  a  10  mA  emission  current  (100  Watts).  Sample  preparation  consisted  of  placing  a  drop  of 
the  Ag  NP  sample  in  water  on  a  piece  of  clean  A1  foil,  then  allowing  the  water  to  evaporate  at 
room  temperature  before  measurements.  The  measurements  were  repeated  in  duplicate. 

For  immunoprecipitation  and  Western  blotting,  the  cells  were  cultured  in  100  mm  Petri 
dishes  until  50  percent  confluency  in  DMEM/F-12,  2  mM  glutamine  and  1  percent  pen/strep  as 
described  above.  To  provide  a  controlled  environment,  we  replaced  10  percent  FBS  with  10 
percent  Nu  synthetic  serum  (Fisher  Scientific,  Pittsburgh).  The  cells  were  exposed  to  10  pg/mL 
HC-  and  PS-coated  NPs  before  a  4  hour  stimulation  with  GDNF  (100  ng/mL,  recombinant  rat 
GDNF,  R&D  Systems,  Minneapolis,  MN).  As  controls,  we  used  cells  that  were  not  exposed  to 
NPs,  with  or  without  100  ng/mL  GDNF  for  4  hours.  The  cells  were  lysed  with  a  lysis  buffer 
(Cell  Signaling,  Danvers,  MA)  containing  a  1:100  protease  inhibitors  cocktail  and  a  1:100 
phosphatases  inhibitor  cocktail  (lOOx  solutions,  both  from  Pierce,  Rockford,  IL).  Protein 
concentrations  were  assessed  with  the  Lowry  method  (DC  Protein  Assay,  Bio-Rad,  Hercules, 
CA).  The  samples  (500  pg  proteins)  were  immunoprecipitated  with  an  anti-Fyn  antibody  using 
standard  methods  (Upstate  Technologies/Millipore,  Billerica,  MA).  Then  30  pg  of  the 
immunoprecipitates  were  loaded  onto  10  percent  Tris-HCl  gels  for  electrophoresis  (Bio-Rad, 
Hercules,  CA).  The  proteins  were  transferred  onto  nitrocellulose  membranes  and  probed  using 
the  primary  antibodies  anti-Fyn  and  antiphospho-Src  family  kinase  (SFK)  (Upstate 
Technologies/Millipore,  Billerica,  MA).  After  incubation  with  the  appropriate  biotin-conjugated 
secondary  antibodies,  the  membranes  were  incubated  with  streptavidin-HRP,  and  HRP  revealed 
with  an  enhanced  DAB  substrate  (Pierce,  Rockford,  IL).  For  quantitative  analysis,  the 
membranes  were  scanned  with  a  gel/membrane  imaging  system  (Typhoon  Blue  Laser  Module, 
Amersham  Biosciences,  Piscataway,  NJ),  and  the  band  intensities  evaluated  with  the  KODAK 
ID  Image  Analysis  software  (Kodak  Molecular  Imaging  Systems  Carestream,  Rochester,  NY). 
The  background  was  evaluated  as  the  median  intensity  of  the  total  number  of  pixels  within  the 
perimeter  outside  the  bands  and  subtracted  from  the  measurement  of  the  protein  band  intensity. 
The  protein  bands  intensities  were  standardized  over  the  intensity  of  phosphorylated  Fyn  in  the 
control  samples  without  NPs  or  GDNF.  The  data  were  generated  from  triplicates,  and  2  different 
experiments.  T  he  data  are  represented  as  the  mean  +  the  standard  deviation.  A  Student  t  test 
was  run,  and  p<0.05  indicated  significance. 

SEM  was  used  to  demonstrate  binding  of  the  Ag  NPs  to  the  cell  surface  at  5kV.  Prior  to 
imaging,  the  cells  were  fixed  with  4  percent  paraformaldehyde,  dehydrated  through  analytical 
grade  30-100  percent  ethanol,  mounted  to  aluminum  stubs  with  double-sided  carbon  adhesive 
tape,  and  sputter  coated  with  gold.  TEM  was  used  to  demonstrate  uptake  of  Ag  NPs  in  the  cells 
at  75-80  degrees  K.  The  C18-4  cells  were  seeded  in  a  100  mm  tissue  culture  dishes  and  once  85 
percent  confluent  they  were  treated  with  10  pg/mL  of  the  different  Ag  NPs.  Twenty- four  hours 
later,  the  cells  were  fixed  in  2  percent  paraformaldehyde/2.5  percent  gluteraldehyde  for  2  hours. 
After  fixing,  the  cells  were  stained  with  1  percent  osmium  tetroxide  for  1  hour  and  then  the  cells 
were  scraped  from  the  plate  to  be  processed  for  TEM.  The  cells  were  dehydrated  using 
increasing  concentrations  of  ethanol  with  three  changes  of  100  percent  ethanol.  The  samples 
were  then  placed  in  100  percent  resin  and  cured  overnight  at  60  degrees  C  in  BEEM  capsules. 
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The  samples  were  then  sectioned  on  a  Leica  ultramicrotome  at  a  thickness  of  50-100  nm  and 
collected  on  a  TEM  grid. 

To  measure  cell  viability,  the  Cl 8-4  cells  were  seeded  in  96-well  plates  at  a  density  of 
30,000  cells/well.  The  following  day,  the  cells  were  treated  with  10  pg/mL  of  Ag  NPs  or 
polysaccharide  and  100  ng/mL  of  GDNF.  Fresh  GDNF  was  added  daily  for  six  days  and  cell 
proliferation  was  assessed  each  day  using  the  MTS  solution  from  Promega. 

Kinase  activity  was  determined  using  the  tyrosine  kinase  activity  kit  (Chemicon 
International,  Inc.,  Temecula,  CA),  and  15  ng  of  purified  active  Fyn  purchased  from 
Chemicon/Millipore  (Billerica,  MA).  The  active  Fyn  was  incubated  with  10  pg/mL  of  Ag  NPs  or 
polysaccharide,  and  10  pM  of  the  Src  family  inhibitor  SU6656  was  used  as  a  control.  Each 
experiment  was  performed  in  triplicate  and  the  data  are  represented  as  the  mean  +  the  standard 
deviation.  A  Student  t  test  was  run  and  p<0.05  indicated  significance. 

For  in  vivo  Fyn  and  Akt  kinase  assays,  the  C18-4  cell  line  was  grown  in  complete  cell 
culture  media  and  10  percent  FBS  until  the  cells  were  75  percent  confluent.  The  cells  were  then 
treated  with  10  pg/mL  of  Ag  NPs,  polysaccharide,  or  10  pM  of  SU6656  for  24  hours  and  then 
serum  starved  overnight.  The  following  morning  the  cells  were  stimulated  with  100  ng/mF  of 
GDNF  for  four  hours  and  proteins  were  isolated  in  a  non-denaturing  lysis  buffer  using  osmotic 
lysis. 

The  Fyn  kinase  was  immunoprecipitated  using  a  Fyn  antibody  (Santa  Cruz 
Biotechnology,  Santa  Cruz,  CA)  and  Fyn  activity  was  assessed  using  a  tyrosine  kinase  activity 
kit  (Chemicon  International,  Inc.,  Temecula,  CA).  Each  experiment  was  performed  in  triplicate 
and  the  data  are  represented  as  the  mean  +  the  standard  deviation.  A  Student  t  test  was  run  and 
p<0.05  indicated  significance. 

The  Akt  kinase  was  immunoprecipitated  using  an  Akt  antibody  from  Bio  Vision  and  then 
the  KinaseSTAR™  Akt  Activity  Assay  Kit  was  used  to  determine  Akt  activity.  The 
immunoprecipitated  Akt  kinase  was  incubated  with  a  GSK-3a/ATP  mixture  to  facilitate  the 
kinase  reaction,  and  then  the  level  of  phosphorylated  GSK-3a  protein  was  detected  using  a  rabbit 
anti-Phospho-GSK-3a  (Ser  21)  specific  antibody  at  1:1000  dilution  and  a  Cy3  labeled  goat  anti¬ 
rabbit  secondary  antibody.  The  Cy3  levels  were  detected  using  a  Gemini  Spectra  Max  plate 
reader  with  an  excitation  wavelength  of  544  nm  and  an  emission  wavelength  of  590  nm.  Each 
experiment  was  performed  in  triplicate  and  the  data  are  represented  as  the  mean  +  the  standard 
deviation  based  on  a  percent  control.  A  Student  t  test  was  run  and  p<0.05  indicated  significance. 

For  n-myc  expression  analysis,  the  Cl 8-4  cells  were  seeded  in  6-well  plates  and  once 
they  were  80  percent  confluent  they  were  treated  with  10  pg/mL  of  Ag  NPs  or  polysaccharide 
for  24  hours.  After  the  24  hour  treatment,  the  cells  were  treated  with  100  ng/mL  of  GDNF 
overnight.  The  following  day,  RNA  was  isolated  from  the  cells  using  the  Qiagen  RNeasy  Mini 
kit.  Using  1  pg  of  RNA,  N-myc  and  fi-actin  expression  were  then  assessed  using  the 
Superscript™  One-Step  RT-PCR  with  Platinum®  Taq  kit  from  Invitrogen.  The  primers  used  to 
detect  mouse  N-myc  were  5'-ACTTCTACT  TCG  GCG  G-3',  Tm  =  47  degrees  C  (forward),  and 
5'-TCT  CCG  TAG  CCCAAT-3',  Tm=44  degrees  C  (reverse  complement).  The  primers  used  to 
detect  p-actin  were  5'-GGA  CTC  CTATGT  GGG  TGA  CGA-3',  Tm  =  59  degrees  C  (forward) 
and  5'-GCC  TCG  GTG  AGC  AGC-3',  Tm  =  52  degrees  C  (reverse  complement).  The  primers 
were  designed  and  evaluated  using  the  NetPrimer  program  and  ordered  from  Integrated  DNA 
Technologies  (IDT,  Coralville,  IA).  The  PCR  products  were  visualized  on  a  0.8  percent  agarose 
gel  stained  with  ethidium  bromide  using  the  Sygene  Gel  Documentation  system  and  the  band 
intensities  were  measured  using  the  software  analysis  package  for  the  system.  The  N-myc 
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expression  levels  were  normalized  based  on  the  f-actin  expression  levels.  Each  experiment  was 
performed  in  triplicate  and  the  data  are  represented  as  the  mean  +  the  standard  deviation  based 
on  a  percent  control.  A  Student  t  test  was  run  and  p<0.05  indicated  significance. 

For  statistical  analysis,  the  data  were  first  read  with  a  critical  screening  to  eliminate 
biologically  inconsistent  data,  then  the  test  of  Dixon  was  used  to  confirm  the  elimination  (critical 
level  5  percent).  The  data  were  analyzed  with  the  statistical  analysis  software  GraphPad  Prism 
(Microsoft).  For  each  NP  growth  inhibition  curve,  the  normality  of  the  data  dispersion  was  not 
assumed  and  the  non-parametric  test  of  Krustal  and  Wallis  was  used.  For  the  NPs  where  the 
non-parametric  test  shows  a  significant  difference,  a  one-way  analysis  of  variance  (ANOVA) 
and  post  hoc  test  of  Dunnet  against  the  control  were  done  (the  normality  and  homogeneity  of  the 
variances  hypothesis  were  assumed).  Then,  a  Student  unpaired  t  test  (one  tailed)  was  applied 
between  the  last  non-significant  toxic  dose  and  the  first  toxic  dose.  Wherever  this  difference  was 
significant,  the  t-test  was  repeated  with  the  next  toxic  dose  (the  non  parametric  test  was  done  to 
confirm  the  validity  of  results).  In  order  to  compare  the  different  type  of  NPs,  the  post-hoc  tests 
of  Bonferini  were  added  to  the  ANOVA.  The  critical  level  of  significance  was  chosen  at  5 
percent  for  each  test. 

Characterization  and  biocompatibility  of  “ green  ”  synthesized  silver  nanoparticles 

Silver  NPs  were  prepared  using  a  “green”  method  involving  the  use  of  tea  extract.  For 
the  tea  extract  preparation,  1  gram  of  tea  powder  (Red  label  from  Tata,  India  Ltd.  99  percent) 
was  boiled  in  50  mL  of  water  and  filtered  through  a  25  pL  Teflon  filter.  Then  2  mL  of  0.1  N 
AgN03  (AgN03,  Aldrich,  99  percent)  was  mixed  with  10  mL  of  tea  extract  and  shaken  to  ensure 
thorough  mixing.  The  reaction  mixture  was  allowed  to  settle  at  room  temperature.  The  color  of 
the  reaction  mixture  changed  from  light  brown  to  green  color  indicating  the  formation  of  Ag 
NPs.  The  formed  Ag  NPs  are  stable  in  nature.  A  similar  procedure  was  repeated  with  5,  3,  1, 
and  0.5  mL  of  tea  extract.  We  extended  this  strategy  using  pure  tea  component,  0.01  N  (-) 
epicatechin  (Aldrich,  99  percent),  and  the  procedure  was  repeated  exactly  as  described  earlier  for 
tea  extract  with  0.1  N  AgN03. 

The  primary  particle  size  of  all  NPs  used  in  this  study  was  determined  using  TEM.  Ten 
pL  of  each  sample  was  spotted  on  a  carbon-coated  copper  grid,  which  was  purchased  from 
Electron  Microscopy  Supply  (product  number  080612),  and  then  viewed  at  100  KV.  The 
diameter  of  one  hundred  particles  were  measured  using  the  Advanced  Microscopy  Techniques 
imaging  software  point  to  point  measurement  function,  which  calculates  the  average  and 
standard  deviation  in  the  measurements. 

The  agglomerate  diameter  measurements  were  performed  by  DLS  using  the  method 
previously  described  by  Murdock  et  al.  [63],  Samples  were  dispersed  in  water,  HaCaT  Exposure 
Media  (HEM),  and  Macrophage  Exposure  Media  (MEM)  at  a  concentration  of  50  pg/mL. 

The  rat  alveolar  macrophage  cell-line  (MAC)  was  purchased  from  ATCC  (#CRL  -  2192) 
and  cultured  with  F-12K  media  (Kaighn’s  modification  of  Ham’s  F-12)  with  20  percent  FBS  and 
1  percent  pen/strep.  The  MAC  line  was  incubated  at  37  degrees  C,  100  percent  humidity,  and  5 
percent  CO2.  During  exposure,  the  MAC  line  was  cultured  with  F-12K  media  with  10  percent 
FBS  and  1  percent  pen/strep  (MEM). 

The  human  keratinocyte  cell-line,  HaCaT,  was  received  from  Dr.  James  Duiman  at 
USAURICD  (Boukamp  et  al  1988).  The  HaCaT  cells  were  cultured  with  RPMI-1640  media 
with  10  percent  FBS  and  1  percent  pen/strep  and  incubated  at  37  degrees  C,  100  percent 
humidity,  and  5  percent  CO2.  During  exposure,  the  HaCaT  line  was  cultured  with  RPMI-1640 
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media  with  1  percent  pen/strep  and  no  FBS  serum  (HEM).  Cells  were  seeded  to  provide  60-80 
percent  confluency  in  96  well  plates  or  chamber  slides  within  a  growth  period  of  48-72  hours. 
Upon  reaching  80  percent  confluency,  typically  48  hours,  cells  were  treated  with  either  50 
pg/mL  or  100  pg/mL  concentrations  of  NPs  suspended  in  the  respective  cells  exposure  media. 
After  a  24  hour  exposure,  the  NP  biocompatibility  was  assessed  using  cytotoxicity  assays  and 
cellular  uptake  evaluation. 

The  MAC  and  HaCaT  cells  were  exposed  to  the  Ag  NPs  at  50  and  100  pg/mL  in  their 
respective  exposure  media.  After  a  24  hour  incubation  with  the  NPs,  cell  proliferation  was 
measured  using  the  CellTiter  96®  Aqueous  One  Solution  Cell  Proliferation  Assay  (Promega),  and 
membrane  leakage  was  evaluated  using  the  CytoTox  96®  Non-Radioactive  Cytotoxicity  Assay 
(Promega).  The  amount  of  mitochondrial  function  and  membrane  leakage  was  then  assessed 
spectrophotometrically  with  a  SpectraMAX  Plus  190  microplate  reader.  The  data  are 
represented  as  an  average  of  three  independent  trials  ±  the  standard  deviation. 

MAC  and  HaCaT  cells  were  exposed  for  24  hours  to  a  15  pg/mL  concentration  of  silver 
NPs.  This  low  concentration  was  used  to  increase  imaging  quality  by  decreasing  the  number  of 
Ag  NPs  refracting  light  and  allowing  a  clear  image  of  the  cell  for  determining  cellular  uptake. 
After  exposure,  cells  were  washed  with  PBS  to  remove  any  excess  Ag  NPs  that  were  not 
interacting  with  the  cells.  Slides  were  observed  with  the  CytoViva™150  System  using  the 
method  previously  described  by  Skebo  et  al.  [144], 

The  data  are  represented  as  an  average  of  three  independent  trials  ±  the  standard 
deviation.  The  cytotoxicity  assays  were  run  and  any  group  with  a  p  value  less  than  0.05  was 
considered  significant. 

In-vitro  biocompatibility  of  silver  nanoparticles  anchored  on  multi-walled  carbon  nanotubes 

Characterization  of  the  MWCNT-Ag  composites  was  carried  out  using  SEM,  XRD,  and 
TEM.  SEM  was  carried  out  using  a  Philips  FEI  XL30  FEG  SEM  operated  at  15  kV.  XRD  was 
performed  using  a  XRD  D8  ADVANCE  -  BRUKER  AXS,  with  a  Cu  Ka  radiation  (X  =  1.54060 
A)  and  operating  current  and  voltage  maintained  at  35  kV  and  25  mA.  High  resolution  TEM 
images  were  acquired  using  a  HRTEM  -field  emission  JEOL-JEM-3000F. 

HaCaT  cells  were  maintained  in  RPMI-1640  with  1  percent  pen/strep  and  10  percent  FBS 
at  37  degrees  C  and  5  percentC02.  The  cells  were  passaged  using  trypsin-EDTA  and  PBS  when 
they  reached  70-80  percent  confluency. 

For  cell  viability,  the  MTS  assay  was  employed.  HaCaT  cells  were  plated  at  cell 
densities  of  50,000  cells  /  200  pL  in  96  well  plates.  After  24  hours  of  cell  growth  the  cells  were 
dosed  with  carbon  nanotubes.  Carbon  nanotubes  functionalized  with  silver  (MWCNT-Ag), 
Carbon  nanotubes  functionalized  with  silver  and  doped  with  nitrogen  (CNx-Ag),  and  carbon 
nanotubes  functionalized  with  silver  and  carbonyl  groups  (COx-Ag)  were  used.  Each  nanotube 
composite  was  plated  in  triplicate  at  concentrations  of  5,  10,  25,  50  and  100  pg/mL  in  RPMI- 
1640  exposure  media  for  each  of  three  trials.  The  plates  were  then  allowed  to  sit  for  24  hours 
and  the  media  was  replaced  with  RPMI-1640  exposure  media  after  washing  3  times  with  PBS. 
The  plates  were  then  read  on  the  BioTek  Synergy  Plate  reader  at  490  nm  at  time  points  of  24,  48, 
72  and  168  hours. 

For  cell  imaging,  HaCaT  cells  were  plated  in  2  chambered  slides  at  cell  densities  of 
300,000  cells/mL  and  incubated  for  24  hours.  After  24  hours  the  cells  were  dosed  with  25 
pg/mL  concentrations  of  MWCNT-Ag,  CNx-Ag  and  COx-Ag  in  exposure  media  for  24  hours. 
The  HaCaTs  were  then  rinsed  once  with  PBS  and  stained  using  the  AlexaFluor  555  Dye.  The 
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cells  were  fixed  in  2  percent  paraformaldehyde.  They  were  then  stained  with  25  pL  of  stain  per 
mL  of  media  and  incubated  at  37  degrees  C.  One  to  two  drops  of  antifade  with  DAPI  were 
added  to  each  chambered  and  the  cells  were  imaged  using  CytoViva. 

ROS  production  in  the  HaCaT  cells  was  measured  using  the  Image-IT  Live  Green  ROS 
Detection  Kit  (136007  Molecular  Probes).  The  HaCaT  cells  were  grown  in  96  well  plates  at 
densities  of  100,000  cells  /  200  pL.  Induction  of  ROS  was  performed  using  tert- 
butylhydroperoxide  according  to  the  directions  and  allowed  to  incubate  for  60  minutes.  The 
carboxy-HiDCFDA  and  Hoechst  33342  stains  were  also  used  according  to  the  instructions  from 
the  kit.  The  Hank’s  balanced  salt  solution  with  calcium  and  magnesium  (HBSS/Ca/Mg)  was 
used  for  the  induction  of  ROS  and  the  staining. 

Biocompatibility  of  carbon  foam  substrates  for  osteoblast  growth 

Two  types  of  microcellular  carbon  foam  were  researched  versus  flat  graphite  to  study  the 
effect  of  surface  topography  on  osteoblast  growth.  Carbon  foam  was  purchased  from  Koppers 
Inc.  and  differed  in  pore  size.  For  surface  modification  studies,  carbon  foam  was  coated  with 
silicon  dioxide,  and  collagen.  The  silicon  dioxide  coating  on  the  carbon  foam  was  done  through 
a  plasma  coating  process.  The  collagen  coating  on  the  foam  was  conducted  through  a  process  of 
making  a  collagen/PBS  solution  and  soaking  the  carbon  foam  for  2  hours  and  letting  it  air  dry  to 
let  the  collagen  form  on  the  foam.  Before  any  experiments  were  conducted,  each  foam  sample 
was  rinsed  with  PBS  and  sterilized  under  ultraviolet  light  for  at  least  20  minutes. 

A  cell  density  of  lxlO6  cells/mL  of  human  fetal  osteoblasts  (hFOB)  were  seeded  on 
uncoated,  silicon  dioxide,  and  collagen  coated  samples.  They  were  incubated  for  72  hours 
before  the  preparation  for  microscopy.  After  the  carbon  foam  is  coated  and  cells  are  seeded  on 
them,  they  were  viewed  in  an  SEM.  This  was  done  by  growing  the  cells  on  the  foam,  and  then 
fixing  them  in  a  paraformaldehyde  solution.  Next  the  samples  were  dried  with  increasing 
amounts  of  ethanol  to  prepare  the  substrates.  The  samples  were  then  brought  to  Wright  State 
University  and  placed  in  the  SEM  where  the  morphology  was  then  viewed  for  each  sample. 

In  order  to  view  cell  morphology,  cell  staining  was  performed  for  each  of  the  surface 
coating  samples.  The  osteoblasts  were  stained  with  actin  stain,  Alexa  Fluor  555  phalloidin,  and 
nuclear  stain,  Prolong  Gold  Reagent  with  DAPI. 

Mitochondrial  function  of  human  fetal  osteoblasts  was  assessed  as  a  measure  of  cell 
viability.  Once  the  cells  had  grown  for  72  hours,  cell  viability  was  assessed  by  evaluating 
mitochondrial  function  using  the  CellTiter  96  ®AQueous  One  Solution  assay  of  Promega.  The 
solution  reagent  contains  the  tetrazolium  compound  MTS  and  an  electron  coupling  reagent 
(phenazine  ethosulfate;  PES).  The  quantity  of  formazan  product  as  measured  by  the  amount  of 
490  nm  absorbance  is  directly  proportional  to  the  number  of  living  cells  in  culture. 
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RESULTS  AND  DISCUSSION 


Results  by  Study 

Immune  suppression  in  MRSA-infected  human  alveolar  co-cultures  treated  with  Al,  AI2O3, 
and  Al-OA  nanoparticles 

The  three  types  of  NPs  used  in  this  study  (Al,  AI2O3,  and  Al-OA)  were  characterized  in 
their  dry  powdered  form  using  TEM  analysis  to  assess  the  primary  NP  size  and  the  morphology. 
All  three  types  of  aluminum  were  spherical  in  morphology  and  had  similar  size  distributions 
(Fig.  1).  In  addition,  the  average  NP  size  in  solution  was  determined  once  the  NPs  had  been 
dispersed  in  an  artificial  lung  surfactant.  The  two  NovaCentrix  NPs  (Al  and  AI2O3)  exhibited  a 
similar  size  in  solution  -800  nm,  while  the  Al-OA  NPs  were  three  times  larger  with  the  average 
agglomerate  size  -2400  nm. 


Figure  1.  Aluminum  nanoparticle  characterization.  A.  Aluminum  NP  size  distributions  prior 
to  and  after  dispersion  in  an  artificial  lung  surfactant.  The  TEM  analysis  measurements 
determined  that  the  three  types  of  aluminum  NPs  had  relatively  similar  sizes.  After  the  NPs  had 
been  dispersed  in  an  artificial  lung  surfactant,  DLS  was  performed  to  determine  the  average  NP 
size  in  solution.  The  AI2O3  and  Al  NPs  had  relatively  similar  average  sizes,  while  the  Al-OA 
NPs  had  an  average  size  that  was  approximately  three  times  greater  than  the  other  aluminum  NPs 
once  dispersed  in  the  lung  surfactant;  B.  TEM  micrograph  of  the  NovaCentrix  aluminum  oxide 
NPs;  C.  TEM  micrograph  of  the  NovaCentrix  aluminum  NPs;  D.  TEM  micrograph  of  the 
aluminum  oleic  acid  NPs  synthesized  by  Dr.  Chris  Bunker’s  group  (AFRL/RZPF). 
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For  in  vitro  studies,  the  A549  and  U937  cells  were  first  cultured  separately  and  cell 
viability  was  assessed  after  a  24,  48,  and  72  hour  exposure  at  concentrations  ranging  from  0-500 
|ig/m  L  (Fig.  2  reports  the  data  at  24  hours).  The  epithelial  cells  were  more  sensitive  to  the 
aluminum  NPs  than  the  macrophages  and  had  a  more  dramatic  loss  of  viability. 


Figure  2.  Cell  viability  in  the  alveolar  cells  when  cultured  separately.  A.  Alveolar  epithelial 
cell  viability.  The  A549  cells  were  cultured  with  varying  concentrations  of  aluminum  NPs  and 
all  three  types  of  NPs  reduced  cell  viability.  Furthermore,  this  was  not  a  concentration  dependent 
effect;  B.  Alevolar  macrophage  cell  viability.  The  U937  cells  showed  a  slight  reduction  in  cell 
viability  when  cultured  with  the  various  aluminum  NPs,  and  this  was  independent  of 
concentration.  Overall  the  epithelial  cells  were  more  sensitive  to  the  aluminum  NPs  than  the 
macrophages  and  there  did  not  appear  to  be  a  dose-dependent  or  surface  chemistry-dependent 
effect  on  cell  viability. 


20 


Since  the  function  of  the  immune  cells  is  to  interact  with  and  destroy  foreign  material  we 
expected  them  to  be  less  sensitive.  In  addition,  since  these  cells  are  found  together  in  the  alveoli, 
the  cells  were  cultured  together  to  see  if  the  presence  of  the  immune  cells  protected  the  epithelial 
cells  (Fig.  3),  and  in  fact  the  epithelial  cells  which  were  originally  very  sensitive  to  a  low  (25 
pg/mL)  dose  of  aluminum  NPs,  were  not  affected  at  this  dose  when  cultured  with  the 
macrophages.  Furthermore,  the  aluminum  NPs  were  mainly  localizing  in  the  macrophages. 


Figure  3.  Cell  viability  in  the  lung  co-cultures  following  exposure  to  the  aluminum 
nanoparticles.  A-D.  are  co-cultures  treated  with  25  pg/mL  of  aluminum  NPs  for  24  h  ssessed 
using  the  Live  Cell/Dead  Cell  staining  kit  from  Biovision.  The  live  cells  are  stained  green  by  a 
cell  permeable  dye  and  the  dead  cells  are  stained  red  by  a  cell  impermeable  dye,  propidium 
idodide.  A.  Control;  B.  AI2O3;  C.  Al;  D.  Al-OA;  E.  Cell  viability  based  on  the  two  cell  types  in 
the  co-cultures.  The  A549  epithelial  cells  show  no  changes  in  viability  while  the  U937 
macrophages  show  a  slight  reduction  in  viability;  F.  The  cell  viability  of  each  cell  type  when 
cultured  individually  with  the  same  concentration  of  aluminum  NPs.  The  A549  epithelial  cells 
are  very  sensitive  to  the  aluminum  NPs  while  the  macrophages  show  a  slight  reduction  in 
viability.  This  data  illustrated  that  the  macrophages  protect  the  epithelial  cells  in  the  co-cultures. 

Additionally,  since  the  main  function  of  the  macrophages  is  to  destroy  foreign  material, 
we  assessed  if  after  treatment  with  the  aluminum  NPs  the  macrophages  could  still  phagocytose 
bacteria.  We  found  that  the  AI2O3  NPs  did  not  impair  phagocytosis,  but  phagocytosis  was 
impaired  by  the  Al  and  Al-OA  NPs  (Fig.  4).  This  data  confirms  previous  studies  where  Al  but 
not  AI2O3  NPs  reduced  phagocytic  function  in  rat  alveolar  macrophages  [145], 
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Figure  4.  Phagocytic  activity  of  human  macrophages  following  exposure  to  aluminum 
nanoparticles  and  the  bacteria  MRSA.  The  AI2O3  NPs  did  not  demonstrate  a  decrease  in  the 
cells  ability  to  phagocytose  bacteria.  However,  the  cells  treated  with  A1  and  Al-OA  NPs 
demonstrated  a  significant  decrease  in  phagocytosis  activity. 


Within  the  lungs,  the  macrophages  are  responsible  for  responding  to  and  destroying 
foreign  material.  Since  our  phagocytosis  data  demonstrated  that  there  was  a  change  in  the  cells 
ability  to  phagocytose  bacteria,  we  wanted  to  evaluate  if  the  presence  of  aluminum  further 
impaired  this  normal  cellular  response.  The  MRSA  bacteria  activate  the  NFkB  pathway  which  is 
responsible  for  regulating  genes  involved  in  stress  and  inflammation.  Therefore,  following 
treatment  with  aluminum  NPs  and  infection  with  MRSA,  changes  in  gene  expression  were 
evaluated  on  genes  involved  in  the  NFkB  pathway  as  well  as  targets  of  the  NFkB  pathway, 
which  are  inflammatory  response  and  apoptotic  genes.  Figure  5A  illustrates  that  there  was  minor 
induction  of  the  NFxkB  pathway  by  the  NPs  alone.  Furthermore,  the  MRSA  stimulated  a  strong 
activation  of  the  NFkB  pathway  as  anticipated  and  the  Al-OA  NPs  with  MRSA  generated 
activation  of  this  pathway  (Fig.  5B).  However,  the  genes  that  were  activated  differed  between 
the  two  groups.  When  the  A1  and  AI2O3  NPs  were  present  the  cells  were  unable  to  generate 
activation  of  the  NFkB  pathway  in  the  presence  of  MRSA.  This  data  illustrated  that  the 
aluminum  NPs  alter  or  abolish  the  cells  ability  to  respond  to  a  pathogen  via  the  NFkB  pathway. 


22 


B  600 


500 

«/i 

<v 

|  400 

GO 

i  300 


200 


•5  100 

00 

Q) 

%  o 

O 

LL. 

-100 


■  1  I  ■■  ■  -  1 


■  MRSA 

■  AI203MRSA 

■  Al  MRSA 

■  AI-OA  MRSA 


*-i  *  1 


o  CD  CO  CO  < 


<  ^  fO  O 

cc  <  ^  >- 
■ 5 1 5 


*  “  < 
£  *  “ 


5  2? 

UJ  LU  < 


5  5 


CO  <  CD  <  o  CO 

Cl.  O  O  «-l  «H  tH 

^  rH  *H  U.  U_  5; 

<  U.  U.  m  ^ 

^  iO  cc  u-  E 

Z  cc  cc  U-  2  ^ 

I-  u_  u-  Z  |- 

Z  2  I— 


Figure  5.  NFkB  gene  expression  after  treatment  with  aluminum  nanoparticles  and 
exposure  to  MRSA.  A.  Changes  in  NFkB  activation  following  exposure  to  aluminum  NPs.  The 
AI2O3  and  Al-OA  NPs  showed  a  mild  increase  in  the  activation  of  NFkB  genes  following  a  24  h 
treatment;  B.  Changes  in  NFkB  activation  following  exposure  to  aluminum  NPs  and  MRSA.  The 
MRSA  stimulated  a  strong  activation  of  the  NFkB  pathway  as  anticipated  and  the  Al-OA  NPs  + 
MRSA  also  generated  activation  of  this  pathway.  However,  the  genes  that  were  activated 
differed  between  the  two  groups.  When  the  Al  and  AI2O3  NPs  were  present  the  cells  were  unable 
to  generate  activation  of  the  NFkB  pathway  in  the  presence  of  MRSA.  This  data  illustrated  that 
the  aluminum  NPs  alter  the  manner  in  which  cells  are  capable  of  responding  to  a  pathogen  via 
the  NFkB  pathway.  (Represents  three  independent  trials  and  only  gene  changes  with  a  p<0.05 
were  reported). 


One  of  the  main  targets  of  the  NFkB  pathway  is  inflammatory  response  genes  and 
cytokines  are  key  mediators  of  this  response.  In  the  NP  alone  treatments,  the  AI2O3  and  Al-OA 
generated  inflammatory  responses  while  the  Al  NPs  did  not  generate  an  inflammatory  response 
(Fig.  6A).  The  MRSA  induced  inflammatory  responses  and  when  the  Al  and  AI2O3  NPs  were 
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present  this  induction  was  not  seen.  In  contrast,  the  Al-OA  MRSA  treatments  had  the  highest 
levels  of  inflammatory  induction,  which  could  be  potentially  harmful  since  the  hallmark  of  toxic 
shock  syndrome  is  high  levels  of  cytokine  production  otherwise  known  as  “cytokine  storms.” 


Figure  6.  Activation  of  inflammatory  response  genes  following  exposure  to  aluminum 
nanoparticles  and  MRSA.  A.  Activation  of  inflammatory  response  genes  by  aluminum  NPs. 
The  AI2O3  generated  a  significant  inflammatory  response  and  the  Al-OA  NPs  generated  a  minor 
response.  The  A1  NPs  did  not  generate  any  type  of  inflammatory  response;  B.  Activiation  of 
inflammatory  response  genes  following  treatment  with  aluminum  NPs  and  exposure  to  MRSA. 
The  MRSA  alone  generates  an  inflammatory  response  and  this  response  is  greater  in  the  Al-OA 
MRSA  treatments.  The  AI2O3  and  A1  were  unable  to  generate  a  significant  response  to  the 
MRSA.  (Represents  three  independent  trials  and  only  gene  changes  with  a  p<0.05  were 
reported). 
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Another  target  of  the  NFkB  pathway  is  activation  of  apoptosis  or  programmed  cell  death. 
In  the  treatments  with  the  NPs  alone,  there  was  a  minor  induction  of  apoptosis  by  the  AI2O3  and 
Al-OA  NPs,  and  the  A1  NPs  did  not  induce  apoptosis  at  all  (Fig.  7A).  In  the  MRSA  treated  co¬ 
cultures,  the  control  cultures  showed  a  significant  down-regulation  of  the  NODI  gene  which  is 
responsible  for  activating  apoptosis.  In  comparison,  the  Al-OA  plus  bacteria  demonstrated  an 
up-regulation  of  a  wide  range  of  apoptotic  genes  indicating  that  the  presence  of  the  Al-OA 
negatively  impacted  the  cells’  response  to  the  MRSA  (Fig.  7B).  The  AI2O3  and  A1  NPs  did  not 
generate  a  significant  response. 
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Figure  7.  Activation  of  apoptotic  genes  after  exposure  to  aluminum  nanoparticles  and 
MRSA.  A.  Activation  of  apoptotic  genes  after  exposure  to  aluminum  NPs.  The  AI2O3  and  Al- 
OA  NPs  demonstrated  minor  activation  of  the  cell  death  pathway.  The  A1  did  not  initiate 
apoptosis  at  all;  B.  Activation  of  apoptotic  genes  after  exposure  to  aluminum  NPs  and  MRSA. 
The  MRSA  alone  causes  a  slight  down-regulation  of  NODI.  In  comparison  the  Al-OA  +  MRSA 
treatment  initiated  up-regulation  of  a  wide  range  of  apoptotic  genes,  indicating  the  combination 
of  the  NPs  and  MRSA  was  harmful  to  the  cells.  The  AI2O3  and  A1  did  not  generate  a  significant 
response  apoptotic  response  to  MRSA.  (Represents  three  independent  trials  and  only  gene 
changes  with  a  p<0.05  were  reported). 
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The  lung  co-cultures  were  treated  with  a  low  dose  of  aluminum  NPs  and  then  infected 
with  the  respiratory  pathogen  MRS  A  to  determine  1)  if  the  NPs  initiated  an  inflammatory 
response  and  2)  if  the  presence  of  the  aluminum  NPs  altered  the  normal  inflammatory  response. 
MRSA  typically  activates  the  proinflammatory  cytokines  IL-6,  IL-ip,  and  TNFa,  which  are 
responsible  for  altering  the  flow  of  blood  to  the  infected  site  so  that  immune  cells  can  be 
recruited  to  destroy  the  pathogen.  When  the  aluminum  NPs  were  present,  the  cells  were  unable 
to  generate  the  typical  response  to  MRSA,  which  makes  the  cells  less  able  to  fight  infection  (Fig. 
8).  Furthermore,  the  anti-inflammatory  cytokine  IL-8  is  responsible  for  recruiting  white  blood 
cells  to  the  site  of  infection  to  aid  in  killing  pathogens.  When  MRSA  is  present  secretion  of  IL-8 
is  up-regulated.  However,  when  the  aluminum  NPs  are  present  IL-8  is  not  up-regulated  leaving 
the  cells  more  vulnerable  to  the  pathogen  (Fig.  9).  In  addition,  the  aluminum  NPs  were  shown  to 
increase  the  down-regulation  of  IL-10  in  the  presence  of  MRSA  (Fig.  10).  This  cytokine  is 
responsible  for  inhibiting  the  synthesis  of  pro-inflammatory  cytokines  and  blocks  NFkB 
activation,  which  initiates  apoptosis.  Therefore,  the  cells  treated  with  aluminum  NPs  are  unable 
to  prevent  apoptosis. 
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Figure  8.  Secretion  of  pro-inflammatory  cytokines  from  the  lung  co-cultures  exposed  to 
MRSA  in  the  presence  of  aluminum  nanoparticles.  A.  IL-6  Secretion.  The  bacteria  MRSA 
initiated  a  7.5  fold  increase  in  the  secretion  of  IL-6  in  the  lung  co-cultures  when  compared  to 
control  cells;  B.  IL-ip  Secretion.  MRSA  stimulated  a  5  fold  increase  in  the  secretion  of  IL-1  p 
when  compared  to  the  control  cells  in  the  lung  co-cultures;  C.  TNF-a  Secretion.  The  lung  co¬ 
cultures  treated  with  MRSA  demonstrated  a  22  fold  increase  in  TNF-a  secretion  when  compared 
to  the  control  cultures.  For  all  three  cytokines,  the  increase  in  secretion  that  was  observed  after 
exposure  to  MRSA  was  not  seen  when  the  aluminum  NPs  were  present.  Furthermore,  the 
reduced  secretion  of  cytokines  occurred  independent  of  NP  surface  composition. 
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Figure  9.  Secretion  of  anti-inflammatory  cytokine  IL-8  from  the  lung  co-cultures  exposed 
to  MRSA  in  the  presence  of  aluminum  nanoparticles.  IL-8  is  an  anti-inflammatory  cytokine 
and  following  exposure  to  MRSA,  IL-8  secretion  was  up-regulated  12  fold.  However,  this 
increase  was  not  demonstrated  in  the  lung  co-cultures  that  contained  aluminum  NPs,  and  this 
inhibition  was  not  dependent  on  NP  surface  coating. 


Figure  10.  Secretion  of  chemokine  IL-10  from  the  lung  co-cultures  exposed  to  MRSA  in  the 
presence  of  aluminum  nanoparticles.  IL-10  is  a  chemokine  and  the  secretion  was  down- 
regulated  1.5  fold  after  exposure  to  MRSA.  This  decrease  was  even  greater  in  the  presence  of 
aluminum  NPs  with  a  7  fold  decrease  seen  by  the  AI2O3,  a  20  fold  decrease  by  the  Al,  and  an  1 1 
fold  decrease  by  the  Al-OA  NPs. 
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This  research  was  published  and  highlighted  in  Toxicological  Sciences  in  February  2008. 

Crystal  structure  mediates  mode  of  cell  death  in  TiC>2  nanotoxicity 

Table  3  provides  a  summary  of  the  TiC>2  NPs  with  the  average  primary  particle  diameter, 
crystalline  structure,  and  source,  and  Figure  1 1  provides  TEM  images  of  the  different  NPs. 


Table  3.  Titanium  Dioxide  Nanoparticle  Diameter,  Composition,  and  Source.  **Previously 
reported  by  Liu  et  al.  [62] _ 


Particle  Diameter 

Particle  Composition 

Source 

6.3  nm  +  1 

1 00%  Anatase 

Dr.  Pratim  Biswas,  Washington  University  in  St.  Louis 

10  nm  +  2 

1 00%  Anatase 

Dr.  Pratim  Biswas,  Washington  University  in  St.  Louis 

50  nm  +  13 

1 00%  Anatase 

Dr.  Pratim  Biswas,  Washington  University  in  St.  Louis 

100  nm  +  23 

1 00%  Anatase 

Dr.  Pratim  Biswas,  Washington  University  in  St.  Louis 

39  nm  +  10 

40%  Anatase  60%  Rutile 

Dr.  Pratim  Biswas,  Washington  University  in  St.  Louis 

39  nm  +  10 

61%  Anatase  39%  Rutile 

Dr.  Pratim  Biswas,  Washington  University  in  St.  Louis 

40  nm  +  16 

Amorphous 

Dr.  Pratim  Biswas,  Washington  University  in  St.  Louis 

51  nm  +  13 

100%  Rutile 

Dr.  Xiu  Bohkimi  ,  National  University  of  Mexico 

Degussa  P25 
(26  nm  +  8) 

75%  Anatase  25%  Rutile** 

Degussa  Corporation 

40  nm  +  14 

1 00%  Anatase 

Dr.  Nina  Joshi,  UES  Inc. 

The  varying  crystalline  structures  did  not  show  a  definable  trend  in  relation  to  crystal 
structure  and  agglomeration  size  in  water  or  media  illustrated  in  Table  4.  The  60  percent  rutile 
TiC>2  showed  the  smallest  agglomeration  in  de-ionized  water  with  an  average  hydrodynamic 
diameter  of  519  nm  while  the  amorphous  TiC>2  had  the  highest  agglomeration  in  de-ionized  water 
at  1300  nm  (Table  4).  As  for  agglomeration  in  media,  the  100  percent  rutile  TiC>2  had  the 
smallest  agglomeration  at  an  average  hydrodynamic  diameter  of  1110  nm  and  the  largest 
agglomeration  was  seen  with  the  61  percent  anatase  TiC>2  at  2510  nm  (Table  4).  Zeta  potential 
values  were  all  at  -20  mV  or  slightly  higher,  except  for  the  TiC>2  50  nm  100  percent  anatase 
which  had  a  zeta  potential  of -13.7  mV  (Table  4). 

The  DLS  data  for  the  different  sizes  of  TiC>2  did  not  show  a  discemable  trend  either.  The 
least  agglomeration  seen  in  de-ionized  water  was  with  the  10  nm  TiC^  particles  at  216  nm  while 
the  most  agglomeration  was  observed  with  the  100  nm  TiC>2  at  1000  nm  (Table  4).  In  media,  the 
smallest  agglomerate  sizes  were  seen  with  the  50  nm  TiC>2  at  1550  nm  and  the  largest  was  6.3 
nm  TiC>2  at  2930  nm.  As  with  the  different  crystal  structure  particles,  all  zeta  potential  values 
were  negative,  when  measured  using  LDV  (Table  4).  The  lowest  (most  negative)  zeta  potential 
was  observed  with  the  6.3  nm  TiC>2  at  -29.0  mV,  followed  closely  by  the  100  nm  TiC>2  and  the  50 
nm  TiC>2  at  -21.3  mV  and  -13.7  mV,  respectively.  The  least  negative  zeta  potential  value 
recorded  was  the  10  nm  TiC>2  at  only  -2.79  mV  (Table  4). 
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Table  4.  Titanium  Dioxide  Nanoparticle  Characterization  in  Solution.  Size  measurements 
performed  by  DLS  and  surface  charge,  or  zeta  potential,  measurements  were  performed  by  LDV. 
**Previously  reported  values  by  Murdock  et  al.  [63]. _ 


Particle 

DLS 

LDV 

Average  Diameter  (nm) 

PDI 

Zeta  Potential  Z,  (mV) 

Electrophoretic  Mobility 

U  (pmcm/(Vs)) 

*770  2  40  nm  Amorphous 

Dl  H20 

1300 

0.282 

-21.2 

-1.66 

DMEM/F-12  Media 

2040 

0.349 

*  *  * 

*  *  * 

*770  2  39  nm,  39%  R,  61%  A 

Dl  H20 

796 

0.654 

-23.3 

-1.83 

>% 

DMEM/F-12  Media 

2510 

0.408 

*  *  * 

*  *  * 

*770  2  39  nm,  60%  R,  40%  A 

CO 

</) 

Dl  H20 

519 

0.661 

-20.1 

-1.58 

Q 

DMEM/F-12  Media 

2030 

0.743 

*  *  * 

*  *  * 

*770  2  50  nm  100%  A 

Dl  H20 

749 

0.435 

-13.7 

-1.07 

DMEM/F-12  Media 

1550 

0.861 

*** 

*** 

770  2  51  nm,  100%  R 

Dl  H20 

582 

0.604 

-21.8 

-1.71 

DMEM/F-12  Media 

1110 

0.647 

*** 

*** 

770  2  6.3  nm 

Dl  H20 

476 

0.552 

-29.0 

-2.27 

DMEM/F-12  Media 

2930 

1 

*** 

*** 

TiO  2  10  nm 

Dl  H20 

216 

0.439 

-2.79 

1.63 

0) 

N 

DMEM/F-12  Media 

1800 

0.402 

*** 

*** 

CO 

TiO  2  50  nm 

Dl  H20 

749 

0.435 

-13.7 

-1.07 

DMEM/F-12  Media 

1550 

0.861 

*  *  * 

*  *  * 

TiO  2  100  nm 

Dl  H20 

1000 

0.301 

-21.3 

-1.67 

DMEM/F-12  Media 

1800 

0.402 

*  *  * 

*  *  * 

TiO  2  Degussa 

O 

■*— » 

Dl  H20 

DMEM/F-12  Media 

542 

3500 

0.499 

0.303 

19.4 

1.52 

c 

o 

o 

TiO  2  Ruthenium 

Dl  H20 

663 

0.689 

-17.9 

-1.41 

DMEM/F-12  Media 

5870 

1 

*  *  * 

*  *  * 

Uptake  and  localization  of  the  TiC>2  NPs  were  evaluated  in  addition  to  studying  cytotoxicity  and 
mechanisms  of  toxicity.  After  a  24  hour  of  incubation  with  10  or  100  pg/mL  of  the  60  percent 
rutile  TiC>2  (chosen  as  a  representative  particle),  thin  sections  of  the  cells  showed  that  the  TiC>2 
NPs  are  taken  up  and  localized  in  membrane-bound  vacuoles  that  appear  to  be  endosomes  by 
their  size  and  shape  (Fig.  12A,B).  In  addition  after  a  24  hour  exposure,  a  cell  appeared  to  be 
wrapping  itself  around  the  NPs  suggesting  endocytosis  as  the  mechanism  of  uptake  (Fig.  12B). 
Lastly,  Confocal  imaging  supported  endocytosis  as  the  mechanism  of  uptake  since  the  majority 
of  NPs  were  localizing  in  the  lysosomes  (Fig.  12C).  However,  there  were  NPs  that  were  not  in 
the  lysosomes.  Further  imaging  studies  showed  that  there  were  instances  of  NPs  localized  in  the 
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mitochondria  (Fig.  12D),  indicating  that  mitochondrial  function  can  be  altered  by  the  presence  of 
NPs  in  a  cell,  which  was  confirmed  by  the  cell  viability  data  in  Figure  13  and  summarized  in 
Table  5.  The  mechanism  of  cytotoxicity  was  evaluated  by  looking  at  membrane  leakage  (Fig.  14) 
and  oxidative  stress  (Fig.  15  and  16). 
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Figure  12.  Uptake  and  localization  of  titanium  dioxide  nanoparticles  in  mouse 
keratinocytes.  A.  HEL-30  cells  treated  with  10  pg/mL  of  60  percent  rutile  TiC>2,  exposed  for  24 
h,  and  evaluated  using  TEM.  The  cell  has  taken  up  the  Ti02  NPs  and  they  are  localizing  in 
membrane-bound  vacuoles;  B.  HEL-30  cells  treated  with  100  pg/mL  of  60  percent  rutile  TiC>2, 
exposed  for  24  h,  and  evaluated  using  TEM.  The  cell  appeared  to  be  wrapping  itself  around  the 
NPs  (as  shown  by  the  black  arrow)  suggesting  endocytosis  as  the  mechanism  of  uptake. 
Furthermore,  the  NPs  were  localizing  in  membrane-bound  vacuoles;  C.  Confocal  image  of 
mouse  keratinocytes  treated  with  TiC^-Ru  labeled  NPs  and  exposed  for  24  h.  The  lysosomes 
were  stained  green  and  the  NPs  fluoresced  red,  yellow  indicated  co-localization.  The  majority  of 
NPs  were  localizing  in  the  lysosomes,  further  suggesting  endocytosis  as  the  mechanism  of 
uptake;  D.  Confocal  image  of  mouse  keratinocytes  treated  with  TiC^-Ru  labeled  NPs  and 
exposed  for  24  h.  The  mitochondria  were  stained  green  and  the  NPs  fluoresce  red,  yellow 
indicated  co-localization.  The  majority  of  the  mitochondria  were  free  of  NPs,  however,  there 
were  instances  of  NPs  localizing  in  the  mitochondria  (as  shown  by  the  white  arrow)  indicating 
that  mitochondrial  function  can  be  altered  by  the  presence  of  NPs  in  a  cell. 
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Figure  13.  Cell  proliferation  in  mouse  keratinocytes  treated  with  titanium  dioxide 
nanoparticles.  A.  Cell  proliferation  after  treatment  with  100  percent  anatase  Ti02  NPs  varying 
in  size.  The  data  demonstrated  that  at  concentrations  greater  than  10  pg/mL,  significant 
cytotoxicity  was  induced  by  the  different  sized  TiC>2  NPs  in  comparison  to  controls. 
Furthermore,  the  1550  nm  (Primary  50  nm)  TiC>2  NPs  induced  cytotoxicity  at  all  concentrations 
and  were  significantly  more  toxic  than  the  other  TiC>2  NPs;  B.  Cell  proliferation  after  treatment 
with  TiC>2  NPs  with  varying  crystal  structures.  The  data  demonstrated  that  at  all  concentrations 
there  was  significant  cytotoxicity  when  compared  to  controls  regardless  of  the  crystal  structure. 
Based  on  this  data,  regardless  of  size  or  crystal  structure,  TiC>2  is  able  to  induce  a  toxic  response 
in  the  HEL-30  cells.  *Denotes  significance  in  comparison  to  control  values  (p<0.01). 
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Figure  14.  Membrane  leakage  in  mouse  keratinocytes  treated  with  titanium  dioxide 
nanoparticles.  A.  Membrane  leakage  after  treatment  with  100  percent  anatase  TiCL  NPs  varying 
in  size.  The  data  here  shows  that  at  concentrations  >25  pg/mL  the  1550  nm  (Primary  50nm), 
1800  nm  (Primary  10  nm)  and  the  1800  nm  (Primary  100  nm)  TiCL  demonstrated  significant 
membrane  leakage.  Furthermore  at  very  high  concentrations  (>100  pg/mL)  so  do  the  2930  nm 
(Primary  6.3  nm)  Ti02;  B.  Membrane  leakage  after  treatment  with  TiCL  NPs  with  varying  crystal 
structures.  The  crystal  structure  membrane  leakage  data  illustrates  that  LDH  leakage  is 
dependent  upon  crystal  structure  since  at  concentrations  >25  pg/mL  the  100  percent  anatase  TiCL 
there  is  highly  significant  amounts  of  LDH  leakage.  In  comparison,  there  is  no  significant 
leakage  from  any  form  of  rutile  TiCL  and  the  amorphous  only  demonstrate  significant  leakage  at 
very  high  concentrations  (150  pg/mL).  Based  on  this  data,  membrane  leakage  seems  to  be 
dependent  on  crystal  structure.  *Denotes  significance  in  comparison  to  control  values  (p<0.01). 
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Figure  15.  Acellular  reactive  oxygen  species  formation  in  titanium  dioxide  particles. 

A.  Production  of  ROS  in  different  sized  100%  anatase  TiCh  NPs.  There  is  no  significant  ROS 
production  in  the  different  sized  100%  anatase  NPs  at  either  concentration;  B.  Production  of 
ROS  in  different  crystal  structure  Ti02  NPs.  There  is  a  significant  amount  of  acellular  ROS 
production  seen  in  the  rutile  forms  of  the  Ti02  NPs,  with  the  100%  rutile  showing  the  greatest 
amount  of  production.  The  amorphous  and  the  100%  anatase  Ti02  NPs  do  not  generate  any 
significant  production  of  ROS  acellularly.  ^Denotes  significance  in  comparison  to  control  values 
(p<0.01). 
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Figure  16.  Reactive  oxygen  species  production  in  mouse  keratinocytes  treated  with 
titanium  dioxide  particles.  A.  Formation  of  ROS  in  HEL-30  cells  treated  with  different  sized 
100  percent  anatase  TiCE  particles.  Only  the  Degussa  P25  TIO2  NPs  generated  a  significant 
amount  of  ROS  production  when  compared  to  the  controls  at  high  concentrations  (100  pg/mL); 
B.  Formation  of  ROS  in  HEL-30  cells  treated  with  different  crystal  structure  Ti02  particles. 
There  is  a  significant  amount  of  ROS  production  seen  in  the  rutile  forms  of  the  Ti02  NPs,  with 
the  100  percent  rutile  showing  the  greatest  amount  of  production  (p<0.01).  At  the  high 
concentration  (100  pg/mL)  the  amorphous  Ti02  show  significant  production  of  ROS.  Based  on 
this  data,  crystal  structure  influences  the  production  of  ROS  generation  in  the  HEL-30  cells. 
^Denotes  significance  in  comparison  to  control  values  (p<0.01). 
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Because  cells  produced  ROS  after  exposure  to  TiC>2  NPs,  the  ability  for  addition  of  an 
antioxidant  (N-Acetyl-L-Cysteine)  to  improve  cell  viability  was  evaluated  (Fig.  17). 
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Figure  17.  Cell  proliferation  in  mouse  keratinocytes  treated  with  titanium  dioxide 
nanoparticles  and  the  antioxidant  N-Acetyl-L-Cysteine.  There  was  not  a  significant  toxic 
response  from  the  cells  treated  with  100  mM  NAC  and  100  gg/mL  of  the  100  percent  rutile  NPs. 
However,  in  the  100  percent  anastase  TiC>2  NP  treatments  (100  pg/mL),  the  NAC  was  unable  to 
alter  the  toxicity. 


Table  5.  Compilation  of  Nanomaterial  Characterization  and  Cellular  Assay  Data.  Data 
points  for  the  MTS,  LDH,  and  ROS  assays  were  from  the  studies  with  HEL-30  cells  dosed  at  100 
pg/mL.  Also,  the  data  for  the  acellular  ROS  was  performed  at  the  100  pg/mL  concentration. 
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Based  on  these  studies,  we  know  that  regardless  of  size  or  crystal  structure  Ti02  NPs 
were  able  to  be  taken  up  by  the  cell  and  disrupt  cell  viability,  and  upon  further  analysis  we  saw  a 
size  and  crystal  structure  dependent  effect  on  LDH  leakage  and  ROS  formation  (summarized  in 
Table  5).  By  assigning  a  cellular  impact  level,  relative  to  the  data  collected,  trends  and  patterns 
relating  the  characteristics  of  the  NPs  to  the  matching  cellular  response  assays  can  more  easily  be 
seen  and  interpreted.  This  allowed  easier  determination  of  the  mode  of  cell  death  and  linking  to 
the  characteristics  of  the  NP  which  may  have  induced  the  particular  cell  responses. 

In  addition,  when  describing  size  dependent  toxicity,  agglomerate  size  and  primary 
particle  size  must  be  taken  into  account.  When  these  factors  are  considered  there  is  a  moderate 
correlation  between  TiC>2  nano-size  and  toxicity.  While  there  is  no  definitive  answer  between 
crystal  structure  and  size  in  terms  of  cytotoxicty  because  LDH  leakage  is  most  commonly 
associated  with  cell  death  through  necrosis  [146],  and  ROS  production  causes  oxidative  stress 
which  leads  to  apoptosis,  crystal  structure  appears  to  be  mediating  the  mechanism  of  cell  death 
[61,147],  Since  the  anatase  NPs  generate  high  levels  of  membrane  leakage  and  do  not  generate 
ROS,  necrosis  is  most  likely  the  mechanism  of  cell  death  for  these  NPs.  In  contrast,  the  rutile 
NPs  display  insignificant  levels  of  membrane  leakage  and  high  levels  of  ROS  formation, 
indicating  that  apoptosis  is  the  likely  mechanism  of  cell  death.  Furthermore,  when  the  ROS 
formation  is  neutralized  by  the  presence  of  an  antioxidant,  cells  treated  with  100  percent  rutile 
Ti02  do  not  show  significant  levels  of  toxicity. 

The  role  of  nanoparticle  charge  in  gold  nanotoxicity 

Images  acquired  via  CytoViva  showed  that  NPs  were  taken  up  into  the  cells.  They  also 
show  changes  in  morphology  in  many  cases  (Fig.  18).  The  toxicity  tests  show  the  0.8  nm  and 
1.5  nm  gold  particles  were  toxic  in  a  concentration  dependent  manner,  regardless  of  charge,  with 
the  1.5  nm  particles  being  the  most  toxic  (Fig.  19).  Both  0.8  and  1.5  nm  showed  a  significant 
decrease  in  cell  proliferation  and  substantial  membrane  leakage  (Fig.  20).  However,  the  10  nm 
TMAT  gold  particles  were  non-toxic  while  the  10  nm  MES  gold  particles  were  toxic  in  a 
concentration  dependent  manner.  All  gold  NPs  produced  significant  ROS,  with  the  exception  of 
1.5  nm  MES  and  10  nm  TMAT  NPs  (Fig.  21).  Gene  expression  studies  suggest  that  charge  does 
play  a  role  in  the  toxicity.  The  gold  NPs  are  causing  DNA  damage  to  the  cells,  but  the  cells 
aren’t  able  to  repair  themselves,  regardless  of  charge.  However,  the  genes  that  are  affected  differ 
based  on  charge.  The  MES  (-)  particles  cause  a  massive  down-regulation  of  DNA  repair  genes, 
and  there  is  no  up-regulation  on  any  repair  genes.  There  is  some  slight  up-regulation  with  the 
MEEE  and  TMAT  particles  (Fig.  22  and  Table  6). 
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Figure  18.  CytoViva  images  of  gold  nanoparticles  in  HaCaT  cells.  A.  Untreated  HaCaT  cells 
96X;  B.  HaCaT  cells  treated  with  0.8  nm  MEEE  Au  particles;  C.  HaCaT  cells  treated  with  0.8 
nm  TMAT  Au  particles;  D.  HaCaT  cells  treated  with  ,8nm  MES  Au  particles;  E.  HaCaT  cells 
treated  with  1.5  nm  MEEE  Au  particles;  F.  HaCaT  cells  treated  with  1.5  nm  TMAT  Au  particles; 
G.  HaCaT  cells  treated  with  1.5  nm  MES  Au  particles;  H.  HaCaT  cells  treated  with  10  nm 
MEEE  Au  particles;  I.  HaCaT  cells  treated  with  10  nm  TMAT  Au  particles. 
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A  120 


10  25  50  100 

Concentration  pg/ml 

■  control  ■  Au  (0.8)-MEEE  ■  Au  (1.5)-MEEE  ■AulOnm-MEEE 

_ *denotes  significance  p<0.05 


Concentration  pg/ml 

■  control  ■  Au  (0.8)-TMAT  ■  Au  (1.5)-TMAT  ■  Au  lOnm-TMAT 

_ *denotes  significance  p<0.05 


C  120 


10  25  50  100 

Concentration  pg/ml 


■  control  ■  Au  (0.8)-MES  ■Au(1.5)-MES 

*denotes significance  p<0.001 


Figure  19.  Cell  proliferation  in  HaCaT  cells  treated  with  various  gold  nanoparticles  for  24 
hours.  A.  Cell  proliferation  of  HaCaT  cells  dosed  with  varying  concentrations  of  the  Au  MEEE 
NPs.  The  Au  MEEE  NPs  are  toxic  to  the  HaCaT  cells  in  a  dose-dependent  manner,  with  toxicity 
beginning  at  25  pg/mL  for  the  1.5nm  particles  and  at  50  pg/mL  for  the  0.8  and  10  nm  particles; 
B.  Cell  proliferation  of  HaCaT  cells  dosed  with  varying  concentrations  of  the  Au  TMAT  NPs. 
The  TMAT  particles  are  toxic  to  the  HaCaT  cells  also  in  a  dose-dependent  manner  for  the  0.8 
and  1.5  nm  particles,  with  toxicity  beginning  at  the  10  pg/mL  dose  for  the  1.5  nm  particles  and  at 
25  pg/mL  for  the  0.8  nm  particles.  The  10  nm  TMAT  particles  do  not  appear  to  be  toxic  to  the 
cells;  C.  Cell  proliferation  of  HaCaT  cells  dosed  with  varying  concentrations  of  the  gold  MES 
NPs.  The  MES  NPs  are  toxic  to  the  cells,  but  not  in  a  dose-dependent  manner.  This  data 
suggests  that  both  size  and  charge  a  role  in  the  toxicity.  *  denotes  significance  in  comparison  to 
control  values  where  p<.001. 
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Figure  20.  Membrane  leakage  in  HaCaT  cells  treated  with  various  gold  nanoparticles  for 
24  hours.  A.  Membrane  Leakage  in  cells  treated  with  varying  concentrations  of  Au  MEEE  NPs 
for  24  h.  The  1.5  nm  and  10  nm  MEEE  particles  show  significant  amount  of  membrane  leakage 
at  the  highest  dose  of  100  pg/mL,  while  the  0.8  nm  particles  do  not;  B.  Membrane  leakage  in 
cells  treated  with  varying  concentrations  of  the  Au  TMAT  NPs.  Only  the  0.8  nm  TMAT 
particles  show  membrane  leakage  at  the  highest  dose  of  100  pg/mL,  while  the  1.5  nm  and  10  nm 
TMAT  particles  do  not  seem  to  cause  any  membrane  leakage  at  any  dose.  This  could  mean  that 
death  occurs  via  another  mechanism  such  as  apoptosis;  C.  Membrane  leakage  in  cells  treated 
with  varying  concentrations  of  the  Au  MES  NPs.  The  1.5nm  MES  particles  begin  to  show  a 
significant  amount  of  membrane  leakage  at  the  50  pg/mL  dose,  while  0.8  nm  particles  do  not 
show  any  membrane  leakage.  This  indicates  that  the  mechanism  of  toxicity  may  not  be  through 
necrosis,  but  rather  apoptosis  of  the  cell.  *Denotes  significance  in  comparison  to  control  values 
(p<0.05). 
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Concentration  pg/ml 


Concentration  pg/ml 


■  control  ■  Au  (0.8)-MEEE  ■  Au  (1.5)-MEEE  ■  Au  lOnm-MEEE 


■  control  ■  Au  (0.8)-TMAT  ■  Au  (1.5)-TMAT  ■  Au  lOnm-TMAT 


10  100 

Concentration  pg/ml 

■  control  ■  Au  (0.8)-MES  ■Au(1.5)-MES 


Figure  21.  ROS  generated  in  HaCaT  cells  treated  with  various  gold  nanoparticles  for  24 
hours.  A.  ROS  generated  by  HaCaT  cells  dosed  with  MEEE  Au  NP  s  at  10  and  100  pg/mL;  B. 
ROS  generated  by  HaCaT  cells  dosed  with  TMAT  Au  NPs  at  10  and  100  pg/mL  ;  C.  ROS 
generated  by  HaCaT  cells  dosed  with  MES  Au  NPs  at  10  and  100  pg/mL.  All  Au  particles 
generate  significant  amounts  of  ROS  at  one  or  both  concentrations  except  for  the  1.5  nm  MES 
and  10  nm  TMAT  particles.  This  is  expected  for  the  10  nm  TMAT  because  these  particles  are 
non-toxic  to  the  cell.  The  results  for  the  1.5  nm  MES  particles  are  unexpected  because  these 
particles  are  extremely  toxic.  One  explanation  for  this  is  that  these  particles  are  so  toxic  that  they 
are  fewer  live  cells  to  generate  ROS.  *Denotes  significance  in  comparison  to  control  values 
(p<0.05). 
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Figure  22.  Changes  in  gene  expression  of  DNA  damage  genes  after  24  hour  exposure  to  1.5 
nm  Au  nanoparticles.  A  total  of  14  genes  were  up/down-regulated.  The  gold  NPs  are  causing 
DNA  damage  to  the  cells,  but  the  cells  aren’t  able  to  repair  themselves,  regardless  of  charge. 
However,  the  genes  that  are  affected  differ  based  on  charge.  The  MES  (-)  particles  cause  a 
massive  down-regulation  of  DNA  repair  genes,  and  there  is  no  up-regulation  on  any  repair  genes. 
There  is  some  slight  up-regulation  with  the  MEEE  and  TMAT  particles. 


Table  6.  List  of  DNA  Damage  Genes  Up  and  Down-Regulated  and  Their  Functions. 


Gene  Function 

Gene  Name 

Apoptosis 

ATM,  MAP  2  K6,  SESN  1,  TP  73 

DNA  Repair 

CRY  1,  RAD  21,  APEX  1,  REV  1,  RPA  1 

Double  Strand  Break  Repair 

MRE  11A 

Mismatch  Repair 

MSH  3 

Cell  Cycle  Checkpoint 

RAD  21,  SESN  1,  GTSE  1,  TP  73 

Damaged  DNA  Binding 

RAD  51 
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Shape  matters:  Differential  cytotoxicity  observed  in  gold  nanospheres  and  nanorods 

Gold  NPs  of  varying  shapes  (nanospheres  and  nanorods)  and  sizes  were  synthesized  by 
Dr.  Robert  MacCuspie  and  Dr.  Kyoungweon  Park  from  AFRL/RXBN  (Table  7  and  8).  TEM 
images  of  each  particle  was  provided  by  Dr.  Robert  MacCuspie  to  show  the  morphology  (Fig.  23 
and  24). 


Table  7.  Gold  Nanospheres  with  Different  Ligands  and  Their  Concentrations 


Particle  Name 

|  RM1 

|  RM2 

|  RM3 

RM4 

Ligand 

Citrate 

MPS 

MPS+Tripentylamine  (T5) 

MPS+Trihexylamine  (T6) 

Concentration 

0.41 1  mg/mL 

0.336  mg/mL 

0.227  mg/mL 

0.469  mg/mL 

Size 

12  nm 

12  nm 

12  nm 

12  nm 

RM1 

jjp*  RM2 

RMS 

l/.f  fc 

a 

w 

A 

wKjtvSj- 

• 1  9  4k  .? 

*w«v 

*•••§ 

Figure  23.  TEM  images  of  the  nanospheres.  Images  provided  by  Dr.  Robert  MacCuspie. 


Table  8.  Gold  Nanorods  with  Different  Ligands  and  Their  Concentrations. 


Particle  Name 

TT_S1 

TTS2 

TT_S3 

TT_S4,  5,  6 

Size 

Length 

54.8±7.1 

39.2+2.9 

78.8+15.2 

51.2+6.2 

Diameter 

20.1±5.1 

9.5±0.6 

12.5±4.3 

24.3+3.4 

L/D 

2.9+0.66 

4.2+0.45 

6.5±1.8 

2.1+0.3 

Capping  Molecules 

CTAB 

CTAB 

CTAB/BDAC 

CTAB 

Particle 

Concentration 

0.548  mg/mL 

0.103  mg/mL 

0.315  mg/mL 

2.2  mg/mL 

(CTAB:  Hexadecyltrimethylammonium  bromide,  BDAC:  Benzyldimethylhexadecylammonium  chloride) 
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Figure  24.  TEM  images  of  the  gold  nanorods.  Images  provided  by  Dr.  Kyoungweon  Park. 


Cytoviva  was  used  to  show  the  interaction  of  gold  nanospheres  and  nanorods  with  cells 
(Fig.  25  and  26).  Images  show  that  the  NPs  agglomerate  in  cell  media.  There  appears  to  be 
some  interaction  between  the  agglomerates  and  cells. 
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Figure  25.  CytoViva  images  of  gold  nanospheres.  A.  HaCaT  cells  treated  with  RM1  Au 
nanospheres;  B.  HaCaT  cells  treated  with  RM2  Au  nanospheres;  C.  HaCaT  cells  treated  with 
RM3  Au  nanospheres;  D.  HaCaT  cells  treated  with  RM4  Au  nanospheres. 
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Figure  26.  CytoViva  images  of  gold  nanorods.  A.  HaCaT  cells  treated  with  TT  S1  Au 
nanorods;  B.  HaCaT  cells  treated  with  TTS2  Au  nanorods;  C.  HaCaT  cells  treated  with  TT  S3 
Au  nanorods;  D.  HaCaT  cells  treated  with  TT_S4  Au  nanorods;  E.  HaCaT  cells  treated  with 
TT  S5  Au  nanorods;  F.  Untreated  HaCaT  cells. 


The  MTS  assay  which  measured  mitochondrial  function  and  directly  relates  to  cell 
proliferation,  demonstrated  that  the  12  nm  nanospheres  did  not  disrupt  cell  proliferation  while 
the  nanorods,  regardless  of  size,  reduced  proliferation  (Fig.  27  and  28).  A  similar  trend  was 
observed  with  the  LDH  membrane  leakage  assay  which  measures  membrane  integrity  (Fig.  29 
and  30).  In  addition,  the  nanorods  were  toxic  at  very  low  doses  and  did  not  display  much  of  a 
dose-dependent  effect.  Four  out  of  the  six  nanorods  were  toxic  at  the  lowest  dose  of  5  pg/mL 
with  the  other  two  displaying  toxicity  as  early  as  10  and  25  pg/mL  respectively.  The  ROS 
studies  confirmed  the  results  obtained  from  both  the  MTS  and  LDH  assays.  Based  on  the  initial 
observations  of  this  study,  shape  seems  to  play  a  role  in  contributing  to  nanomaterial  toxicity. 

The  ROS  assay  was  used  to  compare  the  amount  of  oxidative  stress  produced  in  cells 
exposed  to  the  different  gold  NPs.  It  was  found  that  the  nanospheres  did  not  generate  ROS  (Fig. 
31),  while  three  of  the  nanorods  either  increased  or  decreased  the  generation  of  ROS  compared 
to  control  (Fig.  32). 


46 


Concentration  pg/ml 

■  control  BAuRMl  !AuRM2  1  Au  RM3  !AuRM4 
Figure  27.  Cell  viability  after  24  hour  exposure  to  Au  nanospheres. 

There  is  no  significant  decrease  in  cell  proliferation  after  exposure  to  any  of  the  nanospheres.  In 
contrast,  it  appears  that  the  nanospheres  actually  increase  the  rate  of  cell  proliferation.  *Denotes 
significance  in  comparison  to  control  values  (p<0.05). 


Concentration  pg/ml 

■  control  ■  AuTT  Sl  ■AuTT_S2  ■AuTT_S3  ■AuTT_S4  HAulT-SS  ■AuTT_S6 

Figure  28.  Cell  proliferation  in  HaCaT  cells  after  24  hour  exposure  to  Au  nanorods. 

All  the  nanorods  significantly  reduce  cell  viability.  TT_S2,  S4  and  S5  are  extremely  toxic  to  the 
cells,  causing  a  70  percent  decrease  in  cell  viability  at  the  lowest  dose  of  5  pg/mL,  while  TT  S1, 
S3,  and  S6  cause  a  dose-dependent  decrease  in  cell  viability.  *Denotes  significance  in 
comparison  to  control  values  (p<0.05). 
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Nanoparticle  Dosage  (ug/mL) 

■  Control  bAuRMI  bAuRM2  bAuRM3  bAuRM4  Au  2nm 

Figure  29.  Membrane  leakage  in  HaCaT  cells  after  24  hour  exposure  to  Au  nanospheres. 

The  LDH  results  show  an  increase  in  membrane  leakage  after  exposure  to  all  particles  except  the 
2  nm  negative  control  particles,  but  there  does  not  seem  to  be  a  discernible  pattern  for  any  of  the 
nanospheres.  *Denotes  significance  in  comparison  to  control  values  (p<0.05). 


5  ug/mL  10  ug/mL  25  ug/mL  50  ug/mL  100  ug/mL 

Nanoparticle  Dosage  (pg/ml) 

■  Control  ■  Au  TT_S1  ■  Au  TT_S2  ■  Au  TT_S3  ■  Au  TT_S4  ■  AuTT_S5  ■  AuTT_S6 

Figure  30.  Membrane  leakage  in  HaCaT  cells  after  24  hour  exposure  to  Au  nanorods. 

The  LDH  results  show  a  significant  amount  of  membrane  leakage  after  exposure  to  all  of  the 
particles,  starting  at  the  lowest  dose  of  5  pg/mL.  These  results  also  correspond  to  the  MTS 
results  in  that  TT  S2,  4,  and  5  show  significantly  more  membrane  leakage  (300-500  percent  as 
compared  to  the  control)  than  SI,  3  and  6.  The  amount  of  leakage  dramatically  decreases  to 
almost  nothing  at  the  highest  dose  for  S4  and  S5.  This  could  be  because  all  the  cells  are  dead, 
therefore  there  are  no  cells  left  to  leak.  *Denotes  significance  in  comparison  to  control  values 
(p<0.05). 


48 


140 


10  ug/mL  100  ug/mL 


Nanoparticle  Dosage  (jug/mL) 


■  Control  BAuRMl  !AuRM2  !AuRM3  ■  Au  RM4  Au2nm 

Figure  31.  ROS  generated  in  human  keratinocytes  after  24  hour  exposure  to  Au 
nanospheres.  The  ROS  assay  shows  there  is  no  significant  amount  of  reactive  oxygen  species 
generated  after  exposure  to  any  of  the  nanospheres. 


Nanoparticle  Dosage  (pg/mL) 


■  Control  ■  Au  TT_S1  ■AuTT_S2  ■AuTT_S3  ■AuTT_S4  ■  AuTT_S5  ■AuTT_S6 

Figure  32.  ROS  generated  in  human  keratinocytes  after  24  hour  exposure  to  Au  nanorods. 

The  ROS  studies  show  that  only  the  TT_S3  show  a  significant  increase  in  the  amount  of  ROS 
generated.  However,  TT_S2,  S4  and  S5  show  a  significant  decrease  in  the  amount  of  ROS 
generated  as  compared  to  the  control.  This  coincides  with  the  MTS  and  LDH  results  for  these 
particles.  The  particles  are  so  toxic  to  the  cells  that  there  are  no  cells  present  to  generate  ROS. 
*Denotes  significance  in  comparison  to  control  values  (p<0.05). 
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Toxicity  of  amorphous  silica  nanoparticles  in  mouse  keratinocytes 

DLS  and  TEM  were  used  to  characterize  silica  NP  sizes  shown  in  Table  9.  No  changes 
in  particle  sizes  were  observed  in  water  versus  dosing  media  with  the  exception  of  the  30  nm 
particle  solutions,  which  were  estimated  to  be  28.9  nm  in  water  and  39  nm  in  the  media  by  DLS. 
Average  particle  size  was  similar  between  the  two  methods,  indicating  silica  does  not 
agglomerate  significantly  in  water.  Figures  33  and  34  provide  TEM  images  of  monodispersed 
silica  nps  in  water,  and  the  average  particle  size  with  standard  deviation,  respectively. 


Table  9.  Particle  Sizes  of  Silicon  Dioxide  in  Water  and  Dosing  Media.  Average  particle  size 
was  measured  using  DLS  and  TEM. 


Instrumentation 

DLS 

Microscope 

(TEM) 

Particle 

Average 
Diameter  (nm) 

PDI 

Average 
Diameter  (nm)  ; 

SD 

Si02  A 

1 

1 

1 

1 

1 

1 

Water 

28.9 

0.093 

i 

30.3 

i 

1.2 

Media 

39.0 

0.116 

1 

na  | 

na 

Si02  B 

Water 

52.9 

0.07 

47.7 

3.2 

Media 

51.9 

0.069 

i 

na  | 

na 

Si02  C 

Water 

121 

0.007 

i 

118 

i 

6.1 

Media 

119 

0.018 

1 

na  | 

na 

Si02  D 

Water 

537 

0.438 

J _ 

535 

_ L 

13.4 
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Figure  33.  Transmission  electron  microscopy  of  SiCh  spheres. 


Particle  Size,  nm  Particle  Size,  nm 

Figure  34.  The  average  particle  size  (</)  and  the  standard  deviation  determined  using  TEM 
by  analyzing  over  300  particles. 
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To  verify  the  uptake  of  NPs,  cells  were  incubated  with  100  pg/mL  of  silica  NPs  for  24 
hours,  followed  by  imaging  with  TEM  (Fig.  35).  Cells  show  internalization  of  all  of  the  different 
sizes  of  silica  NPs  into  intracytoplasmic  vacuoles  or  endosomes.  There  was  no  evidence  of  silica 
NPs  in  the  nucleus,  but  they  could  be  found  randomly  in  the  cytoplasm.  Higher  magnification 
insets  of  the  selected  areas  show  individual  535  nm  silica  NPs  (Fig.  35D)  while  all  of  the 
smaller-sized  silica  NPs  (30,  48,  and  118  nm)  were  found  in  loose  aggregates  containing  multiple 
NPs,  in  some  instances  with  retention  of  the  characteristic  NP  sizes  and  shapes.  (Fig.  35A-C). 


Figure  35.  Transmission  electron  microscopy  of  HEL-30  cells  incubated  with  100  pg/mL  of 
silica  nanoparticles  for  24  hours  showing  internalization  of  all  sizes  used  in  this  study.  A. 

30  nm  SiC>2;  B.  48  nm  SiC^;  C.  1 18  nm  SiCE;  and  D.  535  nm  SiC>2.  Boxes  provide  higher 
magnification  images  correspond  to  the  areas  inside  the  box. 
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The  effects  of  silica  NPs  on  cell  membrane  integrity  are  shown  in  figure  36.  At  a 
concentration  of  100  pg/mL,  membrane  leakage  of  LDH  was  43,  30,  7  and  8  percent  of  the 
control,  decreasing  with  increasing  size  of  silica  particles.  The  smallest  size  at  the  highest 
concentration  (30  nm  at  200  pg/mL)  presented  the  most  toxic  effect  as  indicated  by  LDH 
measurements.  There  was  a  strong  correlation  between  particle  sizes  and  the  reduction  of  MTT 
(Fig.  37).  At  200  pg/mL,  30  and  48  nm  particles  induced  significant  MTT  reductions  of  30  and 
50  percent,  respectively,  which  was  increased  to  42  and  55  percent,  respectively  atlOO  pg/mL. 
The  two  smallest  dimensions  tested  showed  significant  toxicities  while  the  two  larger  sizes  (118 
and  535  nm)  did  not  demonstrate  toxicity  as  indicated  by  MTT  reduction.  Figure  38  depicts 
correlation  between  LDH  and  MTT  for  cytotoxicity.  There  was  a  strong  correlation  (R2  = 
0.9623)  at  200  pg/mL  in  various  sizes  of  silica  NPs. 


ug/  rriL 

Figure  36.  Effect  of  SiC>2  on  LDH  leakage  into  media  ( percent  control).  The  HEL-30  cells 
were  dosed  with  different  sizes  (30,  48,  118,  and  535  nm)  and  various  concentrations  of  silica  (0, 
10,  50,  100,  and  200  pg/mL)  for  24  hours.  Size-  and  dose-dependent  LDH  leakage  were 
observed  in  30  and  48  nm  silica  NPs.  Large  size  (118  and  535  nm)  showed  less  toxicity 
compared  with  smaller  NPs.  Three  independent  experiments  ( n  =  3)  were  carried  out,  and  data 
are  means  ±  SD.  *Significantly  different  from  control  at p  <  0.05 
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Figure  37.  Effect  of  silica  nanoparticles  on  MTT  reduction  ( percent  control).  The  HEL-30 
cells  were  dosed  with  different  sizes  (30,  48,  118,  and  535  nm)  and  various  concentrations  of 
silica  (0,  10,  50,  100,  and  200  pg/mL)  for  24  h.  Size-  and  dose-dependent  MTT  reduction  in  30 
and  48  nm  at  higher  concentrations  (200  pg/mL)  produced  significant  toxicity  when  compared  to 
large  sizes  (118  and  535  nm).  Three  independent  experiments  ( n  =  4)  were  carried  out,  and  data 
are  means  ±  SD.  *  Significantly  different  from  control  at  p  <  0.05 


MTT  (%  control} 

Figure  38.  Correlation  between  LDH  and  MTT  in  various  sizes  of  silica  nanoparticles  at 
200  pg/mL.  The  graph  was  generated  using  two  data  points  in  the  highest  exposure  condition 
(200  pg/mL)  in  Figs.  30  and  31. 
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Experiments  were  performed  to  study  redox  potential/  thiol  status  (Fig.  39).  The  smallest 
particles  at  high  concentration  of  silica  produced  toxicity.  Exposure  to  30  nm  particles  showed 
GSH  levels  decreased  93,  89,  and  78  percent  of  the  control  at  50,  100  and  200  pg/mL 
respectively.  Only  at  the  highest  concentrations  (200  pg/mL)  of  30  nm  silica  NPs  the  toxicity 
was  statistically  significant.  With  48  nm  particulate  exposure,  GSH  levels  were  reduced  to  100, 
98  and  87  percent  at  50,  100  and  200  pg/mL,  respectively.  No  changes  of  GSH  levels  were 
detected  at  any  concentration  for  the  118  and  535  nm  NPs. 


Coneen  (ratio  n  (ug/mL) 

Figure  39.  Effect  of  silica  nanoparticles  on  GSH  levels  (  percent  control).  The  HEL-30  cells 
were  dosed  with  different  sizes  (30,  48,  118,  and  535  nm)  and  various  concentrations  of  silica  (0, 
10,  50,  100,  and  200  pg/mL)  for  24  hours.  Size-  and  dose-dependent  toxicity  was  observed. 
Three  independent  experiments  ( n  =  4)  were  carried  out,  and  data  are  means  ±  SD.  *  Significantly 
different  from  control  at  p  <  0.05. 

Increase  in  ROS  levels  causes  damage  to  cell  structures  (oxidative  stress),  eventually 
leading  to  cell  death  or  apoptosis  [148].  Time  course  studies  of  silica  particles  (30,  48,  118  and 
535  nm)  at  different  concentrations  (0,  10,  50,  100  and  200  pg/mL)  were  performed,  and  no 
significant  increase  of  ROS  levels  was  observed  at  any  time  points  or  at  any  concentrations  when 
compared  with  the  controls.  Therefore,  concentration  of  10  pg/mL  of  silica  NPs  at  6  h  post 
dosing  was  chosen  to  represent  all  data  (Fig.  40). 
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Time  (hours) 

Figure  40.  Time  course  study  of  effect  of  silica  nanoparticles  on  ROS  formation  (fold  of 
increase  compared  with  the  control).  The  HEL-30  cells  were  dosed  with  different  sizes  (30, 
48,  118,  and  535  nm)  and  various  concentrations  of  silica  (0,  10,  50,  100,  and  200  pg/mL)  for  0, 
0.5,  1,  2,  4,  6,  8,  10,  20,  and  24  h.  There  was  no  difference  between  the  controls  and  dosed  cells. 
Concentration  of  10  pg/mL  was  selected  to  represent  this  study.  There  was  no  difference 
statistically  in  all  experiments 


Unique  cellular  interaction  of  silver  nanoparticles:  Size  dependent  generation  of  reactive 
oxygen  species 

Silver  NPs  with  diameters  of  15,  30,  and  55  nm  were  used  to  determine  the  size 
dependent  effect  on  MACs.  Mitochondrial  function  was  assessed  by  the  MTT  reduction  assay 
after  24  hours  of  NP  treatment.  Ag-15  nm  significantly  reduced  mitochondrial  function  at 
concentrations  starting  from  5  pg/mL,  Ag-30  nm  at  10  pg/mL,  and  Ag-55  nm  at  50  pg/mL 
indicating  a  possible  size-dependent  cytotoxicity.  The  negative  NP  control  TiC>2  did  not  show 
any  statistically  significant  difference  compared  to  controls  for  any  of  the  sizes  examined  (Fig. 
41).  Based  on  LDH  leakage,  both  Ag-15  nm  and  Ag-30  nm  significantly  decreased  cell 
membrane  integrity  at  concentrations  from  10-75  pg/mL  whereas  Ag-55  nm  did  not  significantly 
reduced  the  integrity  until  75  pg/mL  (Fig.  42).  ROS  production  is  shown  to  significantly 
increase  with  Ag-15  nm  concentration,  while  Ag-30  and  Ag-55  nm  do  not  significantly  induce 
oxidative  stress  (Fig.  43). 
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Figure  41.  Effect  of  Ag  and  TiC>2  nanoparticles  on  mitochondrial  function  in  macrophages. 

A.  Ag-15  nm,  Ag-30  nm,  and  Ag-55  nm;  B.  Negative  NP  control  TiC^. 


|jg/ml 

Figure  42.  Effect  of  Ag  nanoparticles  on  membrane  integrity  in  macrophages.  Cells  were 
treated  with  various  concentrations  of  silver  NPs  for  24  h.  Following  the  treatment  period, 
membrane  integrity  was  assessed  by  measuring  LDH  leakage.  Fluorescent  values  of  the  control 
cells  (NPs-free  exposure  media)  were  set  at  100  percent  and  the  fluorescent  values  of  the  treated 
cells  were  measured  as  a  percent  of  control.  The  data  are  expressed  as  a  mean  ±  SD  of  three 
independent  experiments  conducted  in  triplicate.  (*)  indicates  a  statistically  significant  difference 
compare  to  controls  (p<0.05). 
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Figure  43.  Effect  of  Ag  nanoparticles  on  reactive  oxygen  species  generation  in 
macrophages.  After  24  h  incubation  with  Ag  NPs,  the  fluorescent  intensity  of  DCF  was  assessed 
via  microplate  reader  (A)  or  fluorescence  microscopy  (200x)  (B-D).  A.  Plot  of  mean  data  for 
ROS  as  fold  increase  in  fluorescence  ±  SD  relative  to  control  cells  (NP-free  media)  of  three 
independent  experiments.  (*)  indicates  a  statistically  significant  difference  compare  to  controls 
(p<0.05);  B-D.  Fluorescent  microscopy  (200x)  of  cells  following  24  h  treatment  with  Ag-15  nm 
NPs.  B.  Control  cells;  C.  Cells  treated  with  10  pg/mL  of  Ag-15  nm;  D.  Cells  treated  with  25 
pg/mL  of  Ag-15  nm. 


As  described  in  the  Materials  and  Methods  section,  the  mitochondrial  membrane 
potential  was  assessed  in  rat  alveolar  macrophages  after  exposure  to  silver  NPs  to  further  assess 
the  mechanisms  involved  in  toxicity.  Loss  of  MMP  in  the  MACs  increased  with  concentration 
for  the  smaller  two  particles,  while  it  was  not  significantly  affected  by  exposure  to  Ag  -  55  nm 
(Fig.  44).  Using  the  microscopy  method,  all  three  particles  appear  to  disrupt  the  MMP  (Fig.  45). 
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Figure  44.  Assessment  of  mitochondrial  membrane  potential  in  macrophages.  Fluorescent 
intensity  data  expressed  as  percent  of  control  as  means  ±  SD  of  three  independent  experiments. 
(*)  indicates  a  statistically  significant  difference  compared  to  time-matched  controls  (p  <  0.05). 
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Figure  45.  Qualitative  assessment  of  macrophages  exposed  to  silver  to  distinguish  normal 
cells  versus  apoptotic  cells  by  confocal  microscopy.  A.  Control  macrophages;  B.  Macrophages 
treated  with  5  pg/mL  Ag  15  nm;  C.  Macrophages  treated  with  5  pg/mL  Ag  30  nm;  D. 
Macrophages  treated  with  5  pg/mL  Ag  55  nm. 
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Silver  nanoparticles  disrupt  GDNF  signaling  in  spermatogonial  stem  cells  independent  of 
nanoparticle  size  and  coating 

To  evaluate  the  changes  in  the  physicochemical  properties  of  the  silver  NPs,  they  were 
characterized  prior  to,  during,  and  post-exposure.  The  TEM  analysis  verified  the  primary  NP 
size  and  morphology  (Fig.  46A-D)  and  showed  similarities  in  spherical  morphologies.  The  Ag 
15-HC,  Ag  10-PS,  and  Ag  25-PS  all  had  mean  sizes  very  close  to  the  manufacturer  specified 
sizes,  while  the  Ag  25-HC  and  Ag  80-PS  samples  were  slightly  off  the  specified  sizes  (Fig.  46E 
and  47).  Furthermore,  the  NP  coating  could  be  verified  using  the  TEM  analysis  and  the  average 
NP  coating  was  shown  to  be  between  1-3  nm  (Fig.  47).  In  addition,  DLS  was  previously 
described  and  demonstrated  that  all  of  the  silver  NPs  aggregated  to  some  extent  after  being 
dispersed  in  water  (Fig.  46F)  [92],  Furthermore,  the  total  carbon  content,  measured  by  XPS 
showed  that  for  the  polysaccharide  synthesized  samples  was  higher  than  the  carbon  content  seen 
with  the  HC  NPs  (respectively  35-68  atomic  percent  C  and  C-H)  (Fig.  46F).  The  Ag  25-PS  had 
the  thickest  coating  around  3  nm  when  viewed  in  the  TEM  and  this  corresponded  to  the  XPS 
data  which  showed  a  higher  C=0  content.  The  Ag  25-HC  TEM  measurements  did  not  show  a 
significant  change  in  primary  particle  size  from  pre-exposure  to  post-exposure  conditions; 
however,  a  slight  decrease  in  primary  particle  size  is  observed  when  measured  intracellularly 
(Fig.  46E).  DLS  measurements  showed  that  agglomerate  sizes  only  decreased  slightly  between 
pre-exposure  and  post-exposure  conditions  (Fig.  46D).  XPS  analysis  of  Ag  25-HC  pre-and  post¬ 
exposure  showed  no  significant  changes  in  composition,  which  is  verified  by  the  TEM  results 
(Fig.  46F). 

Attempts  to  further  characterize  the  NPs  after  uptake  in  the  cells  themselves  was  difficult 
due  to  the  need  for  strong  abrasive  chemicals  to  remove  the  cellular  debris  which  could  have  in 
turn  impacted  the  NPs  themselves,  which  is  why  the  artificial  fluid  was  chosen.  Initially,  the 
hypothesis  was  that  the  stability  of  the  coating  was  impacting  the  change  in  the  biological 
response  and  the  post-exposure  characterization  analysis  supports  this  hypothesis.  While  the  Ag 
10  nm-PS  primary  particle  size  decreases  nearly  50  percent  from  pre-to  post-exposure 
conditions,  the  intracellular  primary  particle  sizes  were  observed  to  increase  almost  3  fold  (Fig. 
46D).  DLS  results  show  a  significant  increase  in  agglomeration  post-exposure  at  4  fold  the  pre¬ 
exposure  sizes  (Fig.  46D).  XPS  results  indicate  a  considerable  decrease  of  C-H  bonds  from  pre- 
to  post-exposure  along  with  an  increase  in  the  percentage  of  Ag,  indicating  a  decrease  in  coating 
coverage  of  the  surface  of  the  particle  (Fig.  46E).  Also,  the  sulfur  present  was  determined  to  be 
from  a  previously  unknown  dispersant  aide,  DAXAD,  which  was  not  present  in  the  post¬ 
exposure  results  (Fig.  46E).  The  XPS  data,  along  with  the  TEM  and  DLS  data,  leads  to  the 
conclusion  that  the  coating  was  degraded,  which  in  turn  has  caused  the  surface  of  the  NP  to  be 
exposed  to  the  lysosomal  solution.  After  a  period  of  time,  the  particle  appears  to  be  losing  size 
due  to  the  loss  of  the  coating  and  the  Ag  ions  dissociating  into  solution.  This  data  strongly 
suggests  the  need  to  characterize  nanomaterials  at  each  step  in  the  experimental  process  and 
demonstrates  that  the  cellular  environment  has  a  major  effect  on  the  NP  stability.  Furthermore, 
the  growth  curve  data  supports  previous  studies  which  illustrated  that  silver  NPs  are  more 
reactive  in  a  size  dependent  fashion  and  illustrates  that  over  time  NP  coatings  can  be  degraded 
and  biocompatibility  can  be  lost. 
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Pre-Exposure  Intracellular  Post-Exposure  Pre-Exposure  Post-Exposure 


Ag  25-HC  32.5  ±  12.4  20.1110.3  34.4122.8  208*  155 

AglO-PS  12.013.9  34.617.8  6.912.2  72.8*  298 


Figure  46.  Characterization  data  for  the  Ag  25-HC  and  Ag  10-PS.  TEM  of  NPs  showing  pre- 
and  post-exposure  morphologies.  A.  Ag  25  nm-HC  pre-exposure;  B.  Ag  25  nm-HC  post¬ 
exposure  (72  h  in  lysosomal  fluid;  C.  Ag  10  nm-PS  pre-exposure;  D.  Ag  10  nm-PS  post¬ 
exposure  (72  h  in  lysosomal  fluid);  E.  Comparison  of  TEM  size  distributions  and  DLS 
measurements  at  pre-exposure,  intracellular  (TEM  only),  and  post-exposure  conditions 
(previously  reported  in  Murdock  et  al.,  2008  [63]);  F.  Comparison  table  of  XPS  data  for  Ag  25 
nm-HC  and  Ag  10  nm-PS  shown  as  approximate  atomic  percent  elemental  surface  composition. 

By  examining  the  data  obtained  from  the  different  techniques  (XPS,  TEM  and  DLS),  it 
appears  the  coating  on  the  Ag  10-PS  particles  has  degraded,  allowing  the  surface  of  the  NP  to  be 
exposed  to  the  lysosomal  solution.  After  72  hours,  the  mean  primary  particle  size  is  decreased 
due  to  Ag  dissociating  into  solution  (Ag+). 

The  Ag  1 5  nm-HC  TEM  measurements  indicate  that  primary  particle  size  increases  from 
pre-exposure,  to  intracellular,  to  post-exposure  (Fig.  471).  DLS  measurements  indicate  that 
agglomerate  sizes  remain  nearly  the  same  from  pre-exposure  conditions  to  post-exposure 
conditions  (Fig.  471).  Post-exposure  XPS  of  Ag  15  nm-HC  did  not  exhibit  any  abnormal 
measurements  (Fig.  471).  A  significant  decrease  in  primary  particle  size  was  observed  with  the 
Ag  80  nm-HC  via  TEM,  nearly  a  50  percent  decrease,  from  pre-exposure  to  intracellular  and 
post-exposure  conditions  (Fig.  471).  Also,  a  significant  decrease  in  agglomeration  was  observed 
by  DLS  post-exposure,  greater  than  70  percent,  when  compared  to  pre-exposure  conditions  (Fig. 
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471).  Post-exposure  XPS  revealed  that  no  Ag  was  detected  which  indicates  that  the  particles  had 
mostly  dissociated  into  ionic  Ag  (Fig.  47J).  A  slight  increasing  primary  size  trend  was  observed 
with  the  Ag  25  nm-PS  from  pre-exposure,  to  intracellular,  to  post-exposure  conditions  (Fig.  471). 
DLS  measurements  of  agglomeration  sizes  of  the  particles  in  solution  only  exhibited  a  slight 
increase  from  pre-exposure  to  post-exposure  conditions  (Fig.  471).  Significant  decreases  in  the 
percentages  of  C=0  and  C-0  were  found  from  pre-  to  post-exposure  conditions  from  the  XPS 
measurements;  however,  a  slight  increase  in  C-H  percentages  was  observed  as  well  as  no  change 
in  the  percentage  of  O  (Fig.  47J).  For  the  Ag  80  nm-PS,  primary  particle  size  decreased  slightly 
from  pre-exposure  to  post-exposure;  however,  the  intracellular  primary  size  was  increased  2  fold 
from  the  pre-exposure  size  (Fig.  471).  DLS  results  indicated  a  slight  decrease  in  agglomeration 
from  pre-  to  post-exposure  conditions  (Fig.  471).  XPS  measurements  revealed  an  increase  of  the 
percentage  of  C-H  from  pre-exposure  to  post-exposure  conditions;  however,  the  percentage  of  O 
decreased  by  50  percent  (Fig.  47J). 
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Figure  47.  Characterization  of  Ag-HC  and  Ag-PS  nanoparticles.  Exposures  were  performed 
for  72  h  to  NPs  dispersed  in  lysosomal  fluid.  A.  Ag  15  nm-HC  pre-exposure;  B.  Ag  15  nm-HC 
post-exposure;  C.  Ag  80  nm-HC  pre-exposure;  D.  Ag  80  nm-HC  post-exposure;  E.  Ag  25  nm-PS 
pre-exposure;  F.  Ag  25  nm-PS  post-exposure;  G  Ag  80  nm-PS  pre-exposure;  H.  Ag  80  nm-PS 
post-exposure;  I.  TEM  size  distributions  and  DLS  measurements  at  pre-exposure,  intracellular 
(TEM  only),  and  post-exposure  conditions.  *Previously  reported  in  Murdock  et  al.,  2008  [63];  J. 
Comparison  table  of  XPS  data  for  Ag-HC  and  Ag-PS  NPs  (data  is  shown  as  approximate  atomic 
percent  elemental  surface  composition). 
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The  size  distribution  of  the  Ag  NPs  was  obtained  through  imaging  on  TEM  and  particle 
sizing  using  software.  At  least  300  NPs  were  measured  via  the  software  for  each  sample  of  Ag. 
Size  distributions  were  acquired  by  inputting  the  300  or  more  data  points  into  SigmaPlot  10.0 
and  performing  a  histogram  plot  with  automatic  ‘binning.’  This  gave  a  representative 
distribution  of  the  Ag  samples.  Next,  calculations  were  performed  to  give  estimates  of  the 
number  of  NPs  per  sample,  total  surface  are  per  sample,  and  total  volume  per  sample  based  off 
the  particle  distributions.  This  yielded  a  fairly  accurate  estimate  of  the  content  and 
characteristics  of  each  sample,  which  can  be  seen  in  Table  10.  As  far  as  the  issue  of 
concentration,  weight/volume  vs.  number  of  particles/volume,  this  is  a  topic  which  has  been 
discussed  numerous  times.  To  give  an  idea  of  how  difficult  it  is  to  dose  with  a  specific  number 
of  particles,  take  the  samples  from  this  experiment  as  an  example.  In  Table  10,  the  mass  of  the 
samples  were  kept  constant  at  10  pg  (from  10  pg/mL  concentration)  and  all  other  factors  were 
calculated  from  the  distribution  of  sizes  found  for  each  sample  from  the  TEM.  At  least  300 
particles  were  counted  and  measured  to  give  a  reasonably  accurate  distribution  (Table  10). 
Particles  were  assumed  to  be  approximately  spherical  in  shape  (which  is  verified  with  TEM 
pictures)  and  the  density  was  assumed  to  be  similar  to  bulk  Ag  (10490  kg/m3).  As  can  be  seen  in 
Table  10A,  the  number  of  particles  per  sample  varies  widely;  however,  the  total  surface  area  of 
the  particles  in  the  sample  decreases  with  increasing  particle  size.  Volume  is  constant  across  all 
samples  since  mass  was  kept  constant.  Now,  if  we  compare  the  information  in  Table  10A  to  the 
information  in  Table  10B,  where  the  numbers  of  particles  in  each  sample  were  kept  constant  at 
1x10  ,  we  can  observe  some  of  the  issues  which  have  been  continuously  argued  about  which 
parameter  to  keep  constant.  In  this  case,  with  a  constant  number  of  particles  for  each  sample,  the 
mass  of  each  sample  increases  drastically  with  increasing  average  particle  size.  The  total  surface 
area  and  total  volume  taken  up  by  the  particles  in  each  sample  also  increases  with  increasing 
particle  size.  If  one  parameter  is  picked  to  be  constant,  others  will  vary  to  compensate.  To  dose 
an  in  vitro  experiment  with  a  concentration  of  52.3  pg/mL  for  Ag  15-HC,  for  example,  and 
compare  the  effect  on  viability  with  one  dosed  with  281.7  pg/mL  of  Ag  25-HC  and  32.2  mg/mL 
of  Ag  80  nm,  is  not  reasonable.  It  yields  approximately  the  same  number  of  particles  per  sample; 
however,  considering  the  other  variations  in  mass,  surface  area,  and  volume  this  does  not  provide 
a  reasonable  means  of  practical  comparison  between  the  samples.  The  turbidity  of  the  Ag  80-HC 
sample  would  be  extremely  high,  if  not  almost  sludge-like,  and  could  very  well  be  simply 
smothering  the  cells  causing  reduced  viability  to  be  observed. 

The  only  reasonable  means  of  testing  samples  with  equal  number  of  particles  is  to  have 
an  extremely  small  sample  size,  such  as  1,000  to  10,000  particles,  which  would  limit  the 
differences  in  the  other  physical  parameters.  However,  at  this  time,  no  such  dosing  technique  is 
known  where  NPs  can  be  counted  individually  or  such  extremely  small  amounts  of  material  can 
be  weighed,  handled,  and  distributed  accurately.  This  leads  back  to  previous  discussions  such  as 
to  which  parameter  one  should  keep  constant  to  assess  toxicity.  Suggestions  have  been  made 
that  total  surface  area  must  be  the  standard  for  toxicity  studies.  Once  again,  the  problem 
becomes  variation  in  the  other  parameters  when  one  is  held  constant.  Possibly,  the  best  scenario 
is  to  test  all  possibilities  within  one  study  and  attempt  to  draw  conclusions  among  the  different 
exposure  methods  (i.e.  constant  number  of  particles,  constant  mass/volume,  and  constant  surface 
area).  However,  this  leads  to  extremely  time  consuming  and  lengthy  experiments  and  higher 
costs  for  both  toxicity  supplies  and  nanomaterial  supplies.  Therefore,  the  most  effective  and 
capable  means  of  exposure  currently,  to  assess  biological  interactions  and  compare  among 
different  samples  (of  the  same  material),  is  by  weight  of  the  sample. 


64 


Table  10.  Nanoparticle  Parameters  Used  to  Determine  Dosing  Metric. 

a.  Size  distribution  of  the  silver  NPs  with  calculations  of  NP  parameters  with  constant  mass  of  10 
pg.  b.  Size  distribution  of  the  silver  NPs  with  calculations  of  NP  parameters  with  constant 
number  of  NPs  (1  X  1012). 

a.  Constant  Mass  (lOug) 


Sample 

Estimate  of  Total  Number  of 
Nanoparticles 

Estimate  of  Total  Surface  Area 
(nm2) 

Estimate  of  Total  Volume  (nm3) 

Ag  15-HC 

7.8E+11 

3.6E+14 

9.5E+14 

Ag  25-HC 

1.6E+11 

2.1E+14 

9.5E+14 

Ag  80-HC 

3.0E+09 

5.0E+13 

9.5E+14 

Ag  10- PS 

1.8E+12 

5.2E+14 

9.5E+14 

Ag  25-PS 

2.5E+11 

2.5E+14 

9.5E+14 

Ag  80-PS 

9.2E+09 

9.3E+13 

9.5E+14 

b. 


Constant  Number  of  Particles  (lxlO12) 


Sample 

Estimate  of  Mass  (mg)  /  lmL 

Estimate  of  Total  Surface 
Area  (nmA2) 

Estimate  of  Total  Volume 
(nmA3) 

Ag  15-HC 

0.05 

1.2E+15 

5.0E+15 

Ag  25-HC 

0.28 

3.8E+15 

2.7E+16 

Ag  80-HC 

32.23 

8.5E+16 

3.1E+18 

Ag  10-PS 

0.01 

5.1E+14 

1.3E+15 

Ag  25-PS 

0.15 

2.5E+15 

1.4E+16 

Ag  80-PS 

1.65 

1.4E+16 

1.6E+17 

To  demonstrate  surface  binding  of  NPs  on  the  cells,  the  Cl 8-4  cells  were  incubated  for 
24  hours  with  10  pg/rnL  HC-  or  PS-coated  silver  NPs,  then  processed  for  SEM  (Fig.  48A-48I)  or 
TEM  (48J-480). 
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Figure  48.  Demonstration  of  surface  binding,  internalization,  and  localization  of  Ag 
nanoparticles  by  germ-line  stem  cells.  A.  Control;  B.  Polysaccharide;  C.  Ag  130;  D,  J.  Ag  15- 
HC;  E,  K.  Ag  25-HC;  F,  L.  Ag  80-HC;  G,  M.  Ag  10-PS;  H,  N.  Ag  25-PS;  I,  O.  Ag  80-PS. 
White  arrows  denote  agglomerates  of  Ag  NPs  on  the  cell  surface  and  black  arrows  denote 
internalization  into  intracellular  vacuoles.  Original  SEM  images  were  taken  at  1300x 
magnification  and  scale  bars  for  TEM  images  are  1  micron. 
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The  cell  viability  of  Cl 8-4  cells  after  six  days  of  continuous  exposure  to  silver  NPs  and 
daily  treatment  with  GDNF  was  assessed  based  on  mitochondrial  function  (Fig.  49A).  GDNF 
was  able  to  significantly  promote  cell  growth  when  the  NPs  were  not  present,  but  the  addition  of 
silver  NPs  (regardless  of  size  or  coating)  inhibited  this  effect.  A  growth  curve  of  C 1 8-4  cells 
continuously  exposed  to  Ag  15-HC  and  Ag  10-PS  silver  NPs  and  treated  daily  with  GDNF  was 
also  generated  (Fig.  49B).  The  Ag  10-PS  NPs  were  initially  more  biocompatible,  but  over  time 
this  is  lost  and  there  is  no  difference  in  growth  between  the  two  treatments.  Furthermore,  GDNF 
is  unable  to  significantly  promote  proliferation  when  compared  to  the  controls.  The  model  of 
GDNF-induced  proliferation  in  Cl  8-4  cells  is  presented  in  figure  49C.  The  key  mediators  of  this 
signaling  pathway  are  identified.  Potential  targets  for  disruption  of  GDNF  signaling  in  Cl 8-4 
cells  that  inhibit  proliferation  are  shown  in  Figure  49D. 


Figure  49.  Proliferation  of  C18-4  cells  treated  with  coated  silver  nanoparticles.  A.  Viability 
of  Cl 8-4  cells  after  six  days  of  continuous  exposure  to  silver  NPs  and  daily  treatment  with 
GDNF  (asterisk  P< 0.05);  B.  Growth  curve  of  Cl 8-4  cells  continuously  exposed  to  Ag  15-HC 
and  Ag  10-PS  silver  NPs  and  treated  daily  with  GDNF  (asterisk  P<0.05);  C.  Model  of  GDNF- 
induced  proliferation  in  Cl 8-4  cells,  identifying  key  mediators  of  this  signaling  pathway;  D. 
Potential  targets  for  disruption  of  GDNF  signaling  in  Cl 8-4  cells  that  inhibit  proliferation.  1) 
NPs  bind  to  GDNF  and  preventing  receptor  binding,  2)  NPs  bind  to  receptors  and  prevent  GDNF 
from  binding,  3)  NPs  interact  with  the  RET  receptor  and  prevent  activation  of  the  receptor  and 
downstream  elements,  4)  NPs  bind  to  Fyn  kinase  and  prevent  activation  of  Fyn  and  downstream 
elements,  and  5)  NPs  interact  with  proteins  in  the  PI3/Akt  pathway. 
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The  amount  of  extracellular  GDNF  was  assessed  (Fig.  50).  The  presence  of  silver  NPs 
did  not  alter  the  levels  of  free  GDNF  in  the  tissue  culture  media,  indicating  that  the  NPs  were  not 
binding  to  the  growth  factor,  preventing  it  from  binding  the  receptors  (Fig.  50A).  When  Cl 8-4 
cells  were  treated  with  silver  NPs  regardless  of  size  or  coating,  GDNF  was  able  to  activate  the 
receptors  (Fig.  50B). 
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Figure  50.  Effect  of  silver  nanoparticles  on  the  extracellular  components  of  the  GDNF 
signaling  pathway.  A.  Extracellular  GDNF  in  the  presence  of  silver  NPs;  B.  When  Cl 8-4  cells 
were  treated  with  silver  NPs  regardless  of  size  or  coating,  GDNF  was  able  to  activate  the 
receptors. 

Fyn  kinase  phosphorylation  and  activation  was  tested  in  the  presence  of  coated  silver  NPs 
(Fig.  51).  GDNF  significantly  increased  Fyn  phosphorylation  in  comparison  with  the  control 
sample  without  GDNF  (/3<0.05 ),  while  GDNF-induced  phosphorylation  was  inhibited  by  the 
silver  NPs.  The  purified  Fyn  kinase  showed  a  significant  size-dependent  decrease  of  activity 
(asterisk:  P<0.05).  Interestingly,  the  Ag-PS  NPs  inhibited  the  kinase  activity  more  than  the  Ag- 
HC  NPs,  indicating  that  NP  coatings  have  an  effect  on  protein  activity.  A  significant  decline  in 
Fyn  kinase  activity  in  Cl 8-4  cells  was  observed  in  presence  of  the  NPs  (asterisk:  /3<0.05). 
However,  this  decline  was  not  size-  or  coating-dependent  as  seen  in  the  in  vitro  assays.  The 
mechanism  of  GDNF  disruption  by  silver  NPs  is  shown  in  Figure  52. 
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Figure  51.  Fyn  kinase  phosphorylation  and  activation  in  the  presence  of  coated  silver 
nanoparticles.  A.  Effect  of  GDNF  and  GDNF  +  silver  NPs  on  Fyn  phosphorylation  in 
comparison  with  the  control  sample  without  GDNF  (PO. 05);  B.  The  purified  Fyn  kinase 
showed  a  significant  size-dependent  decrease  of  activity  (asterisk:  /NO. 05);  C.  A  significant 
decline  in  Fyn  kinase  activity  in  Cl 8-4  cells  was  observed  in  presence  of  the  NPs  (asterisk: 
P<  0.05). 
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Figure  52.  Mechanism  of  GDNF  disruption  by  silver  nanoparticles  in  C18-4  cells.  A.  Akt 

activity  significantly  declined  in  Cl 8-4  cells  treated  with  silver  NPs  and  this  effect  was 
independent  of  size  and  coating  (asterisk:  P<0.05);  B.  A  significant  decline  in  N-myc  expression 
was  demonstrated  for  Cl 8-4  cells  treated  with  silver  NPs,  similar  to  the  Akt  activity  (A),  and  this 
effect  occurred  independent  of  NP  size  and  coating;  C.  Model  of  Cl  8-4  cell  growth  disruption  by 
silver  NPs.  The  silver  NPs  promoted  a  decrease  in  Fyn  activity,  which  disrupted  Akt  activity  and 
promoted  a  decline  in  N-myc  expression,  which  led  to  a  decline  in  cell  proliferation. 
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Characterization  and  biocompatibility  of  “ green  ”  synthesized  silver  nanoparticles 

The  primary  particle  diameter  of  the  Ag  NPs  produced  by  reducing  AgNO?  with 
epinephrine  of  varying  concentrations  ranged  from  1 1  nm  to  26  nm  and  depended  upon  the  ratio 
of  water  and  epinephrine  in  the  solution.  However,  similar  sizes  of  the  particles  were  observed 
for  the  1:1  (parts  water  to  parts  epinephrine)  and  the  10:3  ratios,  which  both  produced  particles 
of  approximately  12  nm,  as  well  as  the  2:1  and  the  20:1  ratios,  which  produced  particles  of 
approximately  25  nm  see  Table  11.  DLS  analysis  of  the  epinephrine  synthesized  NPs  was 
performed  to  examine  the  agglomerate  size  of  the  NPs  in  HEM,  MEM,  and  Millipore  water.  For 
the  epinephrine  silver  NPs  dispersed  in  HEM,  the  agglomerate  size  varied  greatly.  For  the  1:1, 
2:1,  and  10:3  ratios,  the  extent  of  agglomeration  was  measured  at  65,  53,  and  33  microns, 
respectively,  and  for  the  ratios  of  10:1  and  20:1,  the  agglomerated  sizes  were  measured  at  1270 
nm  and  1320  nm.  While  dispersed  in  HEM,  the  epinephrine  silver  NP  agglomerate  size 
generally  decreased  with  decreasing  concentration  of  epinephrine.  For  the  samples  dispersed  in 
MEM,  the  agglomerate  size  again  varied  greatly  with  a  maximum  at  29  microns  (10:3  ratio)  and 
a  minimum  at  248  nm  (10:1  ratio),  with  no  discernable  trend  based  on  concentration  of 
epinephrine.  In  general,  for  the  silver  NPs  dispersed  in  Millipore  water,  the  agglomerate  size 
was  fairly  constant,  ranging  from  30.5  microns  to  48  microns,  except  for  the  10:1  ratio  which 
had  an  agglomerate  size  of  4640  nm.  An  interesting  note  is  that  the  ratio  of  10  parts  water  to  1 
part  epinephrine  produced  the  third  largest  primary  particle  size,  but  consistently  produced  the 
smallest  agglomerate  size  in  all  dispersants  examined.  Overall,  the  least  agglomeration  of  the 
epinephrine  synthesized  silver  NPs  occurred  while  dispersed  in  MEM  (summarized  in  Table  1 1). 

TEM  analysis  of  the  silver  NPs  that  used  tea  extract  particles  revealed  primarily  spherical 
NPs  that  were  poly-dispersed,  with  most  samples  having  two  primary  particle  sizes  (Table  1 1). 
For  the  1:1  (parts  water  to  parts  tea  extract)  ratio,  the  larger  primary  particle  size  was  measured 
to  be  91.3  ±  20.9  nm,  with  a  smaller  primary  particle  size  of  6.7  ±  2.9  nm.  For  the  2: 1  ratio,  a 
large  primary  particle  size  of  59.0  ±  19.7  nm  was  measured,  with  a  smaller  primary  particle  size 
of  9.2  ±  1.9  nm  also  present.  For  the  10:3  ratio,  a  larger  size  was  measured  at  71.1  ±  22.3  nm, 
with  a  smaller  size  at  6.1  ±  2.4  nm.  The  ratio  of  10: 1  was  the  only  tea  extract  synthesized  sample 
found  to  be  mono-dispersed  with  a  primary  particle  size  of  49.8  ±  14.7  nm.  Lastly  the  20: 1  ratio 
sample  was  measured  to  have  a  larger  primary  particle  size  of  25.9  ±  6.8  nm,  with  a  smaller 
primary  particle  size  of  3.8  ±  0.88  nm.  In  general,  the  primary  particle  size  decreased  when  the 
concentration  of  tea  extract  in  the  solution  was  decreased.  DLS  analysis  of  the  tea  extract 
synthesized  silver  NPs  was  performed  in  HEM,  MEM,  and  Millipore  water.  While  dispersed  in 
HEM,  the  agglomerate  sizes  ranged  from  805  nm  (1:1  ratio)  to  1.81  microns  (20:1  ratio).  Unlike 
the  epinephrine  synthesized  particles,  the  agglomerate  size  generally  increased  with  decreasing 
concentration  of  tea  extract  when  dispersed  in  HEM.  When  dispersed  in  MEM,  the  agglomerate 
size  ranged  from  291  nm  (20:1  ratio)  to  1.01  microns,  with  no  distinguishable  trend  between  the 
concentration  of  the  tea  extract  and  the  agglomerate  size.  When  dispersed  in  Millipore  water,  the 
agglomerate  size  ranged  from  220  nm  (20:1  ratio)  to  661  nm  (10:3  ratio).  The  agglomerate  size 
increased  with  decreasing  concentration  of  tea  extract  until  the  10:3  ratio,  and  then  decreased 
with  decreasing  tea  extract  concentration.  In  general,  the  tea  extract  synthesized  particles  had  the 
least  aggregation  when  dispersed  in  Millipore  water. 
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Table  11.  “Green”  Synthesized  Nanoparticles  with  Their  Average  Sizes  as  Powders  and  in 
Different  Dispersants. 


Sample 

TEM  Particle  Size 

(nm) 

DLS  Agglomerate  Size  (nm) 

HEM 

MEM 

Water 

Epinephrine 

9%  AgN03  in  1:1 

11.5  ±4.7 

6.51E+04 

2980 

3.05E+04 

12%  AgN03  in  2:1 

25.8  ±  15.8 

5.30E+04 

7650 

4.78E+04 

13%  AgN03  in  10:3 

11.9  ±3.9 

3.29E+04 

2.85E+04 

4.48E+04 

15%  AgN03  in  10:1 

17.3  ±7.0 

1270 

248 

4640 

16%  AgN03  in  20:1 

24.2  ±6.5 

1320 

2500 

3.30E+04 

Tea  extract 

9%  AgN03  in  1:1 

A.  91.3  ±  20.9 

B.  6.7  ±2.9 

805 

497 

510 

12%  AgN03  in  2:1 

A.  59.0  ±  19.7 

B.  9.2  ±  1.9 

1370 

1010 

611 

13%  AgN03  in  10:3 

A.  71.1  ±22.3 

B.  6.1  ±2.4 

1340 

735 

661 

15%  AgN03  in  10:1 

A.  49.8  ±  14.7 

1730 

511 

487 

16%  AgN03  in  20:1 

A.  25.9  ±6.8 

B.  3.8  ±0.88 

1810 

291 

220 

The  cellular  viability  assay  showed  that,  in  most  cases,  the  NPs  synthesized  using 
epinephrine  induced  a  prolific  response  in  the  mitochondrial  function  in  both  the  MAC  and 
HaCaT  cell  lines  at  both  50  pg/mL  and  100  pg/mL  concentrations  (Fig.  53  A,  B).  The  highest 
increase  in  mitochondrial  function  of  the  MAC  cells  was  seen  in  the  20:1  sample,  with  an 
increase  of  approximately  70-80  percent  above  the  control  cells,  in  both  the  50  pg/mL  and  100 
pg/mL  concentration.  All  other  samples  produced  a  30-60  percent  increase  over  the  control  in 
the  MAC  cell  line  at  both  50  pg/mL  and  100  pg/mL  concentrations.  In  the  HaCaT  cell  line,  the 
highest  increase  in  mitochondrial  function  was  measured  in  the  100  pg/mL  concentrations,  with 
increases  between  10-30  percent  above  the  control.  For  most  of  the  50  pg/mL  concentrations, 
the  increase  in  HaCaT  mitochondrial  function  was  found  to  be  10-25  percent  above  the  control. 
Along  with  cell  viability,  membrane  integrity  was  examined  by  measuring  the  amount  of  LDH 
leaked  by  the  cell.  The  MAC  cells  demonstrated  the  most  membrane  leakage,  ranging  0-10 
percent  higher  than  the  control,  when  exposed  to  50  pg/mL  concentrations.  When  the  MAC 
cells  were  exposed  to  the  100  pg/mL  concentration,  most  samples  induced  a  slight  decrease  in 
membrane  leakage.  In  general,  the  MAC  cells  exhibited  no  significant  increase  in  membrane 
leakage  when  exposed  to  the  silver  NPs  synthesized  with  epinephrine  (Fig.  53).  The  HaCaT 
cells  displayed  minimal  membrane  leakage  in  all  samples  at  both  the  50  pg/mL  and  100  pg/mL 
concentrations.  When  exposed  to  the  50  pg/mL  of  the  1:1,  2:1  and  10:3  ratio  samples,  a  slight 
decrease  of  membrane  leakage  below  the  control  was  measured.  No  significant  difference  was 
measured  between  the  control  cells  membrane  leakage  and  the  10:1  and  20:1  ratio  samples  at  50 
pg/mL.  At  a  100  pg/mL  concentration  of  the  1:1  and  10:3  ratio  samples,  the  HaCaT  cells 
exhibited  an  increase  in  membrane  leakage  of  10-15  percent.  For  the  ratios  of  2:1,  10:1,  and 
20:1,  there  was  no  significant  difference  when  compared  to  the  control  in  membrane  leakage  at 
the  100  pg/mL  concentration  (Fig.  53D). 
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Figure  53.  Epinephrine  synthesized  Ag  nanoparticle  cytotoxicity  assays  in  MAC  and 
HaCaT  cell  lines.  A.  Mac  mitochondrial  function;  B.  HaCaT  mitochondrial  function;  C.  Mac 
membrane  leakage;  D.  HaCaT  membrane  leakage. 


The  cellular  viability  assay  showed  that  the  tea  extract  synthesized  NPs  induced  a  prolific 
response  in  the  mitochondrial  function  in  both  the  MAC  and  HaCaT  cell  lines  at  concentrations 
of  50  pg/mL  and  100  pg/mL  (Fig.  54  A,  B).  The  highest  increase  in  mitochondrial  function  of 
the  MAC  cells  was  seen  in  the  20: 1  sample  at  50  and  100  pg/mL,  with  an  increase  of 
approximately  110-120  percent  above  the  control  cells.  In  general,  the  sample’s  ability  to 
increase  mitochondrial  function  increased  with  decreased  concentration  of  tea  extract  at  both  50 
pg/mL  and  100  pg/mL  concentrations.  In  the  HaCaT  cell  line,  the  highest  increase  in 
mitochondrial  function  was  measured  in  the  20:1  ratio  at  100  pg/mL  concentration,  with  an 
increase  of  approximately  50  percent  above  the  control.  For  the  higher  concentrations  of  tea 
extract,  the  increase  in  mitochondrial  function  was  between  4-40  percent  for  the  50  pg/mL 
concentration  and  15-40  percent  for  100  pg/mL  concentration.  Each  sample  showed  a  higher 
increase  in  the  HaCaT  mitochondrial  function  when  exposed  to  100  pg/mL  than  the  50  pg/mL 
concentration.  As  with  the  MAC  cell  line,  the  sample’s  ability  to  increase  mitochondrial 
function  increased  with  decreased  concentration  of  tea  extract  at  both  50  pg/mL  and  100  pg/mL 
concentrations. 

Again,  membrane  integrity  was  examined  by  measuring  the  amount  of  LDH  leaked  by 
the  cell.  The  MAC  cells  demonstrated  the  most  membrane  leakage,  ranging  from  0-25  percent 
higher  than  the  control,  occurred  when  exposed  to  100  pg/mL  concentrations  of  all  samples,  with 
no  discemable  pattern.  When  the  MAC  cells  were  exposed  to  the  50  pg/mL  concentration,  the 
samples  induced  no  significant  difference  in  the  2:1,  10:1,  and  20:1  samples.  In  the  1:1  and  10:3 
ratio  samples,  an  increase  of  membrane  leakage  was  measured  at  20  percent  and  10  percent, 
respectively,  above  the  control  (Fig.  54C).  The  highest  increase  in  membrane  leakage  for  the 


73 


HaCaT  cell  line  was  measured  25  percent  above  the  control,  when  exposed  to  50  pg/mL  and  100 
pg/mL  concentrations  of  the  1:1  ratio  sample.  When  exposed  to  50  pg/mL  and  100  pg/mL 
concentrations,  the  10:3  ratio  sample  for  the  HaCaT  cells  showed  no  significant  increase  in 
membrane  leakage.  At  100  pg/mL  concentration,  the  other  samples  induced  a  5-25  percent 
increase  in  membrane  leakage  (Fig.  54D). 
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Figure  54.  Tea  Extract  synthesized  Ag  nanoparticle  cytotoxicity  assays  in  MAC  and 
HaCaT  cell  lines  leakage.  A.  Mac  mitochondrial  function;  B.  HaCaT  mitochondrial  function;  C. 
Mac  membrane  leakage;  D.  HaCaT  membrane  leakage. 


The  MAC  control  (Fig.  5  5 A)  showed  healthy  macrophage  cells  that  were  spherically 
symmetrical,  consistent  in  size,  and  had  a  tendency  to  cluster.  When  the  MAC  cells  were 
exposed  to  the  1:1  (water:  epinephrine)  ratio  sample,  few  silver  NPs  were  observed  interacting 
with  the  cells  (Fig.  55B).  The  particles  that  were  seen  interacting  with  the  cells  appeared  to  be 
on  the  cell  membrane  and  not  inside  the  cell.  The  exposed  cells  appeared  to  be  slightly  larger 
than  the  control  cell  but  still  maintained  their  spherical  symmetry.  When  the  MACs  were 
exposed  to  the  2: 1  ratio  sample,  silver  NPs  were  seen  interacting  with  the  cell  membrane 
boundary  (Fig.  55C).  Also,  these  cells  appeared  to  be  generally  symmetrically  and  had  a  fairly 
consistent  size  when  compared  with  the  control  cells.  Figure  55D  shows  an  image  of  the  10:3 
ratio  sample  that  has  numerous  cells  interacting  with  the  Ag  NPs.  The  cell  in  the  middle  of  the 
image  has  interacted  with  many  silver  NPs  and  has  confined  into  a  relatively  small  space;  the 
relative  brightness  and  proximity  of  particles  has  created  a  bright  flare  when  imaged.  Also,  an 
occasional  change  in  the  cellular  structure  is  seen  throughout  the  culture.  This  can  be  seen  at  the 
bottom  of  the  image  (Fig.  55D),  where  the  cell  has  a  slight  elongated  appearance  and  has 
interacted  with  many  NPs  in  close  proximity  causing  the  flare  in  the  middle  of  the  cell.  When 
exposed  to  the  10:1  ratio  sample  there  is  a  notable  change  in  cell  morphology;  some  cells  became 
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elongated  and  damage  to  the  cellular  membrane  was  observed  (Fig.  55E  membrane  damage  seen 
in  upper  right  comer).  Also,  there  are  many  cells  that  were  “decorated”  with  the  silver  NPs  and 
still  maintained  their  spherical  symmetry  and  generally  appeared  healthy  when  compared  with 
the  control  cells.  Some  of  the  NPs  were  on  the  surface  of  the  cell;  however,  most  are  believed  to 
be  internalized  by  the  cell.  When  the  MAC  cells  were  exposed  to  the  20: 1  sample,  the  cells 
appeared  slightly  smaller  and  less  symmetric  than  the  controls  and  NPs  are  noted  on  the  outskirts 
of  the  cell  membrane  (Fig.  55F).  These  NPs  were  most  likely  on  the  cell  membrane  barrier  and 
had  not  been  taken  into  the  cell.  In  most  cases,  excluding  the  10: 1  ratio,  the  cells  maintained 
their  tendency  to  grow  in  clusters. 
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Figure  55.  Cytoviva  images  of  MAC  cell  interactions  with  Ag  nanoparticles.  A.  Contro 
cells;  B.  1:1  ratio  of  water  to  epinephrine;  C.  2:1  ratio  of  water  to  epinephrine;  D.  10:3  ratio  of 
water  to  epinephrine;  E.  10:1  ratio  of  water  to  epinephrine;  F.  20:1  ratio  of  water  to  epinephrine. 

The  HaCaT  control  (Fig.  56A)  revealed  healthy  HaCaT  cells  that  consisted  of  confluent 
monolayers.  When  exposed  to  the  1:1  (water:  epinephrine)  ratio  sample,  the  HaCaT  cells 
showed  very  minimal  interactions  with  the  silver  NPs  (Fig.  56B).  The  particles  that  were 
observed  interacting  with  the  cells  appeared  as  agglomerates  on  the  cellular  membrane  and  had 
no  significant  effect  on  the  HaCaT  cellular  morphology.  When  the  HaCaTs  were  exposed  to  the 
2:1  ratio  sample,  more  silver  NPs  were  seen  interacting  with  the  cells  but  again  appeared  on  the 
membrane  boundary  and  caused  no  significant  change  in  the  morphology  of  the  cells  (Fig.  56C). 
Exposure  to  the  10:3  ratio  sample  exhibited  the  most  interaction  between  the  HaCaT  cells  and 
the  silver  epinephrine  NPs.  Numerous  particles  were  observed  interacting  with  the  cell  but  most 
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still  appeared  to  remain  on  the  cell  membrane,  causing  little  to  no  change  in  cell  morphology 
(Fig.  56D).  When  exposed  to  the  10: 1  ratio  sample,  a  minimal  number  of  NPs  were  seen,  and 
most  were  on  the  cell  membrane.  However,  there  was  a  slight  change  in  the  cellular 
morphology;  cells  appeared  smaller  and  slightly  elongated  (Fig.  56E).  When  the  HaCaT  cells 
were  exposed  to  the  20:1  sample,  the  cells  appeared  identical  to  the  control  cells  in  morphology 
and  integrity.  The  only  noticeable  difference  was  the  occasional  NP  seen  on  the  cellular 
membrane  (Fig.  56F).  With  all  samples,  the  silver  epinephrine  NPs  were  seen  interacting  with 
the  cell  membrane  and  not  taken  into  the  cell  as  they  had  been  in  the  MAC  cell  cultures. 


Figure  56.  Cytoviva  images  of  HaCaT  cell  interactions  with  Ag  nanoparticles.  A.  Control 
cells;  B.  1:1  ratio  of  water  to  epinephrine;  C.  2:1  ratio  of  water  to  epinephrine;  D.  10:3  ratio  of 
water  to  epinephrine;  E.  10:1  ratio  of  water  to  epinephrine;  F.  20:1  ratio  of  water  to  epinephrine. 


The  image  of  the  MAC  control  cells  (Fig.  57A)  shows  cells  that  are  symmetrical,  have  a 
consistent  size,  and  with  a  tendency  to  cluster.  When  the  MAC  cells  were  exposed  to  the  15 
pg/mL  concentration  of  the  1:1  ratio  sample  (Fig.  57B),  the  cells  appeared  to  have  immense 
interaction  with  the  particles.  Cells  appeared  elongated  and  decorated  with  NPs  throughout  the 
entirety  of  the  cell.  Most  cells  had  grown  tails  that  contained  a  large  amount  of  silver  NPs  inside 
of  them.  It  is  believed  that  the  majority  of  the  NPs  had  been  taken  into  the  cell  and  had  had 
adverse  effects  on  cellular  function.  When  the  MAC  cells  were  exposed  to  the  2:1  ratio  sample, 
a  drastic  change  in  morphology  of  the  cells  occurred,  with  many  having  octopus-like  protrusions. 
Fewer  particles  were  observed  interacting  with  the  cells  but  seemed  to  have  a  great  effect  in 
changing  the  morphology  of  the  cells;  cells  were  no  longer  spherical,  appeared  enlarged,  and  had 
little  to  no  symmetry  (Fig.  57C).  When  exposed  to  the  10:3  ratio  sample,  the  MAC  cells 
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maintained  the  spherical  morphology  and  symmetry.  However,  almost  all  cells  observed  showed 
extensive  interaction  with  the  NPs  and,  in  most  cases,  showed  a  large  degree  of  internalization  of 
these  NPs  (Fig.  57D).  When  exposed  to  the  10:1  ratio  sample,  there  was  a  notable  increase  in 
the  size  of  the  cells,  and  a  decrease  in  definable  plasma  membrane  (Fig.  57E).  The  NPs  observed 
appeared  to  be  attached  to  the  cell  membrane  but  not  inside  the  cell  itself.  When  the  MAC  cells 
were  exposed  to  the  20: 1  sample,  the  cells  were  less  symmetric  and  had  elongated,  with  some 
NPs  interacting  with  the  cellular  membranes  (Fig.  57F).  Most  of  these  NPs  were  most  likely  on 
the  cell  membrane  barrier,  with  few  having  been  taken  into  the  cell.  In  the  10:1,2:1,  and  1 : 1 
ratio  samples,  cells  lost  their  tendency  to  grow  in  clusters,  where  the  10:3  and  20:1  ratio  samples 
maintained  this  tendency. 


Figure  57.  Cytoviva  images  of  MAC  cell  interactions  with  Ag  nanoparticles  in  MAC  cells. 

A.  Control  cells;  B.  1:1  ratio  of  water  to  tea  extract;  C.  2:1  ratio  of  water  to  tea  extract;  D.  10:3 
ratio  of  water  to  tea  extract;  E.  10:1  ratio  of  water  to  tea  extract;  F.  20:1  ratio  of  water  to  tea 
extract. 


The  HaCaT  control  cells  (Fig.  58 A)  showed  cells  that  were  a  confluent  monolayer. 
When  the  HaCaT  cells  were  exposed  to  the  1:1  ratio  sample  (Fig.  58B),  extensive  interaction 
was  observed  between  the  HaCaT  cells  and  the  silver  tea  NPs;  many  particles  were  believed  to 
have  crossed  the  membrane  barrier  but  had  induced  no  significant  change  in  cellular 
morphology.  Observations  of  the  HaCaT  exposure  to  the  2: 1  ratio  sample  revealed  drastic 
cellular  interactions  with  the  silver  NPs  (Fig.  58C).  As  in  the  1:1  ratio  sample,  the  particles 
appeared  to  have  crossed  the  membrane  barrier  but  appeared  to  have  no  adverse  effects  on  the 
cellular  integrity.  When  exposed  to  the  10:3  ratio  sample,  the  HaCaT  cells  observed  showed 
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extensive  interaction  with  the  silver  NPs;  most  particles  again  appeared  to  be  internalized  (Fig. 
58D).  When  exposed  to  the  10: 1  ratio  sample,  there  was  a  notable  decrease  in  the  number  of 
NPs  interacting  with  the  cells  (Fig.  58E).  However,  these  particles  still  appeared  to  be 
internalized  into  the  cell  membrane.  When  the  HaCaT  cells  were  exposed  to  the  20: 1  sample, 
cells  showed  a  dramatic  decrease  in  interactions  with  the  silver  tea  NPs  (Fig.  58F).  The  few 
particles  that  were  seen  were  still  believed  to  be  internalized  by  the  cell  along  with  a  few 
interacting  with  the  membrane  barrier;  however  the  cells  appeared  to  have  a  loss  of  connectivity 
with  surrounding  cells.  In  general,  the  amount  of  interacting  silver  NPs  decreased  with 
decreasing  concentrations  of  tea  extract. 


Figure  58.  Cytoviva  images  of  HaCaT  cell  interactions  with  Ag  nanoparticles  in  MAC  cells. 

A.  Control  cells;  B.  1:1  ratio  of  water  to  tea  extract;  C.  2:1  ratio  of  water  to  tea  extract;  D.  10:3 
ratio  of  water  to  tea  extract;  E.  10:1  ratio  of  water  to  tea  extract;  F.  20:1  ratio  of  water  to  tea 
extract. 
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In-vitro  biocompatibility  of  silver  nanoparticles  anchored  on  multi-walled  carbon  nanotubes 

The  MWCNT  tubes  differ  in  chemical  reactivity  with  CNx-MWCNTs  being  the  most 
reactive  (MWCNTs  <  COx-MWCNTs  <  CNx-MWCNTs).  Figure  59  shows  STEM  images  of 
the  CNTs/Ag  composites  and  their  particle  size  distribution,  the  MWCNTs/Ag  composite  is 
presented  in  Figure  59A.-59C.  with  an  average  particle  size  of  6.64  ±  2.25  nm,  Figure  59D.-1F. 
shows  the  COx-MWNTs/Ag,  this  composite  present  a  bimodal  histogram  in  the  particle  size,  the 
first  peak  in  ~8  nm  and  the  second  one  in  ~12  nm  with  an  average  size  of  11.75  ±  4.65  nm. 
Finally  Figure  59  G.-I.  shows  the  CNx-MWNTs/Ag  composite,  the  material  exhibit  a  bimodal 
behavior  in  the  particle  size  (~10  and  ~  13  nm)  giving  an  average  value  of  13.25  ±  3.94  nm.  The 
diameter  distribution  of  silver  NPs  is  shown  in  Figure  60.  Figure  61  shows  the  X-ray  diffraction 
patterns  of  the  three  composites,  the  G(002)  peak  correspond  to  graphite,  the  others  belong  to 
silver  NPs,  the  particle  size  obtained  from  the  XRD  data  using  the  Scherrer  equation  is  illustrated 
in  Table  12,  the  numbers  are  the  miller  index.  Figure  62  shows  the  silver  NPs  anchored  on  the 
MWNT  sidewall. 
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Figure  59.  STEM  images  (A,  B,  D,  E,  G,  H)  and  particle  size  determined  via  DLS  (C,  F,  I). 
A,B.  MWCNT;  C.  MWCNT  6.64  nm;  D,E.  COx-MWCNTs;  F.  Cox-MWCNT  8.82  nm  and 
12.70  nm;  G,H.  CNx-MWCNT;  I.  CNx-MWCNT  10.70  nm  and  13.94  nm. 
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Figure  60.  CNx-MWNTs/Ag-S  composite  characterization.  A-C.  SEM  images  of  the  CNx- 
MWNTs/Ag  composite  with  sulfur  on  the  surfaces.  The  composite  exhibits  high  load  of  Ag 
particles;  D.  Ag  particle  size  distribution  with  an  average  value  of  5.19  ±  2.26  nm. 


CNTs/Ag  Nanocomposites 


Figure  61.  X-ray  diffraction  patterns  of  CNTs/Ag  composites. 
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Table  12.  Ag  Particle  Size  on  Different  Types  of  CNTs. 


Nanotubes 

Ag(111)  nm 

Ag(200)  nm 

MWNT 

27.94 

27.78 

COx-MWNTs 

19.50 

27.87 

CNx-MWNTs 

19.97 

21.13 

Figure  62.  TEM  images  of  MWNTs/Ag  composites.  A.  A  high  number  of  NPs  are  shown 
anchored  on  the  nanotube  wall;  B.  Higher  magnification  of  the  MWNTs/Ag  composite,  the  inset 
illustrates  a  magnification  of  Ag  NP  and  their  Fast  Fourier  Transform  (FFT)  showing  the  Ag 
(111)  plane.  Characterization  of  nanomaterials  work  was  done  in  collaboration  with  Prof. 
Mauricio  Terrones,  Advanced  Materials  Department,  IPICyT,  Mexico. 

The  MTS  results  of  the  HaCaT  cells  exposed  to  varying  concentrations  of  Ag-MWCNTs 
shows  no  toxicity  at  24,  48  or  72  hours  at  any  of  the  concentrations  used.  At  concentrations  of 
25  pg/mL,  50  pg/mL  and  100  pg/mL  there  is  some  toxicity  shown  at  the  1  week  time  points. 
The  Ag-CNx  shows  no  toxicity  at  24,  48,  72  or  168  hours  for  any  of  the  concentrations.  The  Ag- 
COx  shows  no  toxicity  either,  but  they  do  show  slightly  increased  cell  viability  at  all 
concentrations  and  timepoints.  All  particles  show  increased  cell  viability  particularly  at  all 
concentrations  at  the  48  hour  timepoint  (Fig.  63). 
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Figure  63.  MTS  results.  A.  MTS  results  of  Ag-CNx  at  concentrations  of  0,  5,  10,  25,  50  and 
100  pL  in  HaCaT  cells  exposed  to  the  concentrations  for  24,  48,  72  and  168  h;  B.  MTS  results  of 
Ag-MWCNT  at  concentrations  of  0,  5,  10,  25,  50  and  100  pL  in  HaCaT  cells  exposed  to  the 
concentrations  for  24,  48,  72  and  168  h;  C.  MTS  results  of  Ag-MWCNT  at  concentrations  of  0, 
5,  10,  25,  50  and  100  pL  in  HaCaT  cells  exposed  to  the  concentrations  for  24,  48,  72  and  168  h. 
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All  three  functionalized  MWCNT  are  entering  the  cells  and  binding  to  the  nucleus  or  nuclear 
region  based  on  the  CytoViva  imaging.  We  can  also  determine  the  binding  due  to  the  high 
concentration  of  MWCNTs  in  the  images  taken  at  1  week.  The  cells  had  been  washed  and 
placed  in  exposure  media  for  a  week,  therefore  for  the  tubes  to  be  present  there  must  be  binding 
in  the  nucleus.  There  appears  to  be  some  actin  filament  disruption  caused  by  the  Ag-MWCNT 
(Fig.  64  and  65). 


Figure  64.  Control  HaCaT  cells  at  different  time  points.  A.  24  h;  B.  48  h;  C.  72  h;  D.  168  h. 


Figure  65.  Exposed  cells  at  different  time  points.  Ag-MWCNTs  at  E.  24  h;  F.  48  h;  G.  72  h; 

H.  168  h,  Ag-CNx  at  I.  24  h;  J.  48  h;  K.  72  h;  L.  168  h,  and  Ag-COx  at  M.  24  h;  N.  48  h;  O.  72 
h;  P.  168  h. 
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Some  of  the  actin  filament  disruption  could  be  due  to  the  exposure  media,  because  the 
cells  do  not  grow  as  well  in  this  due  to  the  lack  of  FBS.  This  is  also  indicated  in  the  control 
cells,  which  appear  to  become  rounded  over  time.  Each  picture  with  each  particle  type  shows 
localized  nuclear  binding  with  the  nucleus  stained  blue  and  the  actin  filaments  stained 
red/orange.  The  particles  appear  as  the  bright  spots.  There  appears  to  be  limited  actin  filament 
disruption  in  comparison  to  the  control  pictures.  Binding  can  be  determined  based  on  the  number 
of  particles  seen  even  after  the  1  week  time  period  in  the  exposure  media. 

Biocompatibility  of  carbon  foam  substrates  for  osteoblasts  growth 

Previous  studies  have  shown  that  surface  topography  greatly  affects  how  cells  grow  on  a 
substrate.  Two  types  of  microcellular  carbon  foam  were  researched  versus  flat  graphite.  In 
addition  to  topography,  surface  modifications  can  greatly  affect  how  various  cell  lines  grow  and 
function.  Carbon  foam  was  coated  with  silicon  dioxide,  and  collagen.  After  the  carbon  foam 
was  coated  and  cells  were  seeded,  they  were  viewed  in  an  SEM.  As  shown  in  figure  66,  the  cell 
growth  was  seen  extending  across  and  within  pores  in  the  uncoated  carbon  foam  (UC).  Cell 
growth  on  SiC>2  coated  samples  was  observed  to  have  full  growth  on  the  surface  and  within  pores 
with  much  less  extensions  across  pores.  Growth  on  collagen  coated  foam  was  very  similar  to 
silicon  dioxide  samples  in  that  the  cells  cover  the  whole  surface  of  the  foam,  but  no  cell 
extension  was  visible. 


Figure  66.  Osteoblast  growth  on  carbon  foams  imaged  via  SEM.  Cell  growth  was  seen 
extending  across  and  within  pores  in  the  uncoated  carbon  foam. 


In  order  to  view  cell  morphology,  cell  staining  was  performed  for  each  of  the  surface 
coating  samples.  Under  a  fluorescence  microscope  a  network  of  cells  were  seen  spreading 
across  the  pores  of  uncoated  foam  substrates  (Fig.  67).  The  amount  of  actin  stain  shown  in  each 
sample  also  varied  between  the  coatings.  Amount  of  actin  seen  in  silicon  dioxide  coated  foam 
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was  much  less  than  the  uncoated,  and  collagen  coated  samples  which  could  indicate  stronger 
bonds  between  the  cell  and  carbon  foam. 
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Figure  67.  Fluorescent  images  of  osteoblasts  on  carbon  foam.  These  images  show  a  network 
of  cells  spreading  across  the  pores  of  uncoated  foam  substrates. 


Mitochondrial  function  of  human  fetal  osteoblasts  was  assessed  as  a  measure  of  cell 
viability.  As  shown  in  figure  68,  there  was  little  to  no  toxicity  of  the  carbon  foam  with 
osteoblast  cells.  This  suggests  that  microcellular  carbon  foam,  in  addition  to  silicon  dioxide  and 
collagen  coatings  are  biocompatible  with  this  cell-line. 


□  Uncoated  Foam  □  Si02  Coated  Foam  □  Collagen  Coated  Foam 
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Figure  68.  Mitochondrial  function  of  human  fetal  osteoblasts  as  a  measure  of  cell  viability. 

Once  the  cells  had  grown  for  72  h,  cell  viability  was  assessed  by  evaluating  mitochondrial 
function  using  the  CellTiter  96  ®AQueous  One  Solution  assay. 
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CONCLUSIONS 


Based  on  studies  presented  in  this  report,  we  have  been  able  to  develop  many  novel 
techniques  in  nanotoxicity  research.  In  addition,  we  have  uncovered  unique  properties  of 
nanomaterials  in  biological  systems  that  can  be  used  in  future  applications.  The  knowledge 
obtained  in  each  study  is  briefly  summarized  in  the  following  paragraphs. 

When  studying  the  immune  suppression  in  MRSA-infected  human  alveolar  co-cultures, 
we  were  able  to  successfully  establish  an  in  vitro  inhalation  model  to  study  the  toxicity  and 
biological  effects  of  aluminum  NPs.  Furthermore,  using  this  co-culture  system,  we  evaluated 
how  the  presence  of  aluminum  NPs  alters  cell  viability,  basic  cell  function,  and  the  cells’  ability 
to  respond  to  pathogens  at  the  molecular  level.  We  discovered  that  while  not  necessarily  toxic, 
these  aluminum  NPs  impair  the  cells  natural  ability  to  respond  to  respiratory  pathogens  by 
altering  gene  activation  and  cytokine  secretion. 

The  role  of  nanomaterial  properties  on  their  biological  effects  was  evaluated  in  many  of 
our  studies.  In  evaluating  the  effect  of  crystal  structure  on  toxicity  of  TiC>2,  we  were  able  to 
demonstrate  that  both  size  and  crystal  structure  contributes  to  cytotoxicity  and  that  the 
mechanism  of  cell  death  varies  as  a  result  of  crystal  structure.  Based  on  these  findings,  the  rutile 
TiC>2  ROS  initiated  apoptosis  can  be  controlled  for  by  treatment  with  antioxidants,  thus  making 
the  anatase  structure  more  toxic  than  the  rutile. 

The  role  of  NP  charge  was  shown  in  a  study  involving  gold  NPs,  where  both  toxicity  and 
real  time  PCR  data  show  that  charge  on  the  surface  of  the  NP  plays  a  major  role  in  its 
cytotoxicity.  These  findings  reiterate  the  importance  of  through  investigation  of  all  NPs  before 
use  in  any  consumer  products,  especially  medical  devices  to  be  used  inside  the  body. 

Shape  was  also  shown  to  affect  the  biological  interaction  of  gold  NPs,  where  nanospheres 
were  found  to  be  non-toxic,  which  makes  then  great  candidates  for  use  in  the  medical  community 
as  drug  delivery  agents  and  treatments  of  certain  cancers.  The  gold  nanorods,  on  the  other  hand, 
seem  to  be  extremely  cytotoxic.  Research  has  shown  that  CTAB,  which  was  used  as  the  capping 
agent  in  the  synthesis  of  these  rods,  can  be  toxic  to  cells  when  used  by  itself.  Future  studies  will 
test  whether  the  amount  of  CTAB  present  in  the  nanorods  solution  is  enough  to  cause  the  toxicity 
to  the  human  keratinocytes.  Nanospheres  also  capped  with  CTAB  will  also  be  tested  to  help 
determine  if  the  CTAB  is  the  cause  of  the  toxicity  or  if  it  is  really  shape-dependent. 

Amorphous  silica  NPs  showed  size-  and  dose-dependent  toxicity  and  the  smallest  size 
(35  nm)  at  the  highest  concentration  (200  pg/mL)  generated  the  lowest  reduced  glutathione 
levels.  ROS  levels  were  similar  in  the  controls  and  dosed  cells,  indicating  mechanism  of  toxicity 
does  not  seem  to  be  through  oxidative  stress. 

Another  study  showed  that  NP  toxicity  can  be  size  dependent,  where  cells  exposed  to 
silver  NPs  suffer  morphological  modifications,  LDH  leakage,  mitochondrial  dysfunction, 
increased  generation  of  ROS,  and  reduced  mitochondrial  membrane  potential.  This  preliminary 
data  suggest  that  oxidative  stress  is  likely  to  contribute  to  NP  cytotoxicity  for  the  1 5  nm  silver 
NPs.  However,  further  study  is  required  to  characterize  the  nature  of  silver  inside  cells. 

In  a  separate  study  evaluating  the  biological  interactions  of  silver  NPs,  it  was  established 
that  silver  NPs,  even  at  concentrations  believed  to  be  benign,  were  able  to  impair  spermatogonial 
stem  cell  proliferation.  This  effect  was  due  in  part  to  a  decrease  of  Fyn  kinase  phosphorylation 
and  activity,  which  disrupted  GDNF  signal  transduction  and  inhibited  the  up-regulation  of  N-myc 
(Fig.  6c),  a  transcription  factor  that  activates  key  components  of  the  cell  cycle  machinery  in  CIS- 


86 


4  cells  [72],  Moreover,  this  phenomenon  was  detectable  at  sub-toxic  levels,  and  occurred 
regardless  of  NP  size  or  surface  coating.  We  have  illustrated  that  not  only  do  NPs  have  an  effect 
on  the  cellular  environment,  but  the  cellular  environment  impacts  the  physicochemical  properties 
of  the  NPs.  This  study  demonstrates  that  when  researchers  coat  materials  to  make  them 
“biocompatible”,  these  materials  must  be  fully  characterized  and  evaluated  within  the  cellular 
environment  prior  to  claiming  biocompatibility. 

The  effect  of  NP  synthesis  method  was  also  shown  in  a  study  where  silver  NPs  were 
synthesized  using  a  “green”  method  involving  the  use  of  epinephrine  or  tea  extract  as  a  reducing 
and  capping  agent.  NPs  were  successfully  synthesized  in  an  environmentally  benign  process, 
and  these  particles  were  nontoxic  even  at  high  concentrations  (100  pg/mL).  In  fact,  in  most 
cases,  these  NPs  created  a  prolific  response  in  the  cell  models  examined.  These  preliminary  in 
vitro  studies  will  need  to  be  followed  up  by  future  in  vivo  studies  before  we  can  definitely  say 
that  they  are  more  biocompatible,  but  this  method  of  synthesis  appears  to  be  promising  based  on 
the  initial  in  vitro  studies. 

The  in  vitro  biocompatibility  of  silver  NPs  anchored  on  MWCNT  was  evaluated  in  order 
to  determine  the  effect  of  NP  immobilization  on  toxicity.  The  lack  of  toxicity  combined  with  the 
particles  ability  to  bind  to  the  cell  nucleus  indicates  a  novel  non-toxic  method  of  delivering  Ag 
NPs  to  the  cell’s  nucleus  using  MWCNTs  exhibiting  different  doping  groups.  Further  studies 
will  be  carried  out  to  determine  ROS  production  and  binding  using  TEM. 

Lastly,  osteoblast  growth  on  carbon  foam  substrates  was  shown  to  be  a  function  of  not 
only  surface  topography,  but  also  surface  modifications,  which  greatly  influence  bonding  and 
morphology.  Current  and  future  research  is  being  done  on  modifying  the  surface  of 
microcellular  carbon  foam  with  the  attachment  of  carbon  nanotubes  as  well  as  applying  an 
electric  field  to  the  samples.  Various  cell-lines  will  be  grown  in  the  same  manner  to  view  the 
effect  of  these  modifications  on  their  growth  and  proliferation.  This  study  confirmed  that  the 
smaller  pore  size  foam  was  much  more  suitable  for  cell  growth  than  the  larger  pore  sized  foam. 
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BIN  TRANSITIONS  (FUTURE  WORK) 


As  we  end  the  Biological  Interactions  of  Nanomaterials  project,  we  look  to  the  future  to 
transition  the  knowledge  gained  during  the  time  on  this  project  toward  applications.  These 
applications  include  using  nanomaterials  to  design  biosensors  for  the  detection  of  biomolecules. 
Detection  may  be  accomplished  at  the  intra-cellular  levels,  external  to  the  body,  or  at  any  level  in 
between.  One  of  our  future  aims  is  to  be  able  to  exploit  the  unique  properties  of  certain 
nanomaterials  for  the  purpose  of  stand-off  detection  or  control.  Two  initial  ideas  in  this  area, 
which  involve  the  use  of  nanomaterials  which  are  sensitive  to  electromagnetic  radiation  or 
magnetic  fields,  are  presented  in  following  sections. 

External  control  of  bio-functionalized  nanoparticles  for  control  of  cell  processes  and  signaling 
A  new  initiative  has  been  started  to  begin  to  apply  some  of  the  fundamentals  which  have 
been  discovered  through  the  Biological  Interaction  of  Nanomaterials  project.  This  new  project, 
called  the  Nano-Biocontrol  Project,  has  the  following  objectives: 


•  Functionalize  nanomaterials  (FNMs)  with  biomolecules 

•  Specifically  target  FNMs  to  DNA,  RNA,  or  proteins 

•  Apply  an  EM  field  to  the  FNMs  to  cause  the  target  to  inactivate 

•  Design  process  to  be  reversible  when  EM  field  is  removed 

•  Control  cell  function  and  processes 


Gold  NPs  have  recently  been  used  in  a  wide  array  of  applications  for  antimicrobial 
applications  to  sensors  due  to  their  unique  properties.  At  the  nanoscale  level,  gold  exhibits 
unique  physical,  electrical,  and  chemical  properties  such  as  the  ability  to  produce  a  visual  color 
changes  with  particle  size  and  aggregation.  The  solution  will  shift  from  red  to  blue  as  NPs 
aggregate  more,  and  vice  versa.  The  figure  below  shows  this  affect  (Fig.  69). 


Figure  69.  Color  shift  observed  with  increasing  agglomeration  of  Au  NPs. 

Gold  NPs  also  have  a  unique  surface  chemistry  which  allows  proteins,  DNA,  and  most 
other  organic  compounds  to  readily  adhere  to  surface  of  the  particle.  This  means  these  particles 


can  serve  as  a  platform  for  almost  limitless  applications.  Gold  NPs  can  also  be  “designed”  in  a 
wide  variety  of  sizes  and  shapes  fairly  easily. 
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Aptamers  are  oligonucleic  acid  or  peptide  molecules  that  bind  a  specific  target  molecule. 
They  can  essentially  be  designed  for  almost  any  target  as  long  as  a  sequence  is  known. 
Aptamers  are  currently  being  used  in  multiple  potential  applications  such  as  for  basic  research 
and  clinical  purposes  as  macromolecular  drugs  and  they  can  be  combined  with  ribosome  to  self¬ 
cleave  in  the  presence  of  their  target  molecule,  also  known  as  a  riboswitch.  The  main 
disadvantage  to  aptamer  use  currently  is  that  non-modified  aptamers  are  cleared  rapidly  from  the 
bloodstream,  with  a  half-life  of  minutes  to  hours,  mainly  due  to  nuclease  degradation  and 
clearance  from  the  body  by  the  kidneys. 

The  aim  of  this  project  is  to  functionalize  gold  NPs  with  aptamers  to  increases  the  half- 
life  of  the  aptamer  as  well  as  increases  the  specificity  of  the  NP.  Gold  NPs  with  oligonucleotides 
attached  to  the  surface  have  shown  interesting  properties  with  a  targeted  molecule,  such  as  the 
ability  to  bind  in  such  a  manner  to  cause  a  change  in  color  of  the  solution.  The  intensity  of  this 
color  and  even  the  color  itself  can  be  varied  by  certain  factors  creating  a  very  useful  biosensor 
with  more  than  just  a  (+)  or  (-)  feedback  as  it  could  distinguish  concentration  levels  as  well. 
Peptide  aptamers  are  designed  to  interfere  with  other  protein  interactions  inside  cells  by 
specifically  binding  to  and  preventing  the  binding  of  other  molecules  or  proteins.  It  is  also 
possible  to  use  a  substrate  to  hold  NP  with  aptamer/  petptide/  ligand  for  detection  of 
biomolecules.  This  can  provide  a  functional  nanoscale  biosensor  with  an  easy  detection  method. 
Figure  70  shows  the  functionalization  of  gold  NPs  with  aptamers. 
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Figure  70.  Gold  NPs  functionalized  with  aptamers. 


The  project  plan  is  to  design  an  independent  operating,  oscillating  electromagnetic  field 
producing  circuit  which  can  cause  bio-functionalized  gold  NPs  to  heat  up  and  cause  its  target  to 
temporarily  denature.  The  figure  below  shows  a  representation  of  the  process  (Fig.  71). 
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Figure  71.  Representation  of  nano-biocontrol  project. 

The  EMF  producing  component  consists  of  a  solenoid,  with  a  modified  centrifuge  tube  as 
a  core,  which  is  connected  to  a  function  generator  to  produce  a  controllable,  oscillating  magnetic 
field.  As  the  current  propagates  upwards,  winding  through  the  coils,  a  magnetic  field  is  induced 
inside  the  coils  in  the  direction  of  the  net  current  flow.  The  applied  signal  will  be  attempted  at 
multiple  frequencies,  amplitudes,  and  times  to  determine  the  effect  of  these  parameters  on 
particle  heating  efficiency.  The  magnetic  field  in  a  solenoid  is  shown  in  the  diagram  below  in 
figure  72.  Also  shown  below  are  some  of  the  equations  used  for  calculations  of  various 
parameters  in  this  project. 


Figure  72.  Magnetic  field  lines  for  a  solenoid. 
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Equations  used  to  determine  various  parameters: 

•  current 

•  number  of  coils 

•  signal  frequency 

•  magnetic  field  strength 

•  exposure  length 

•  energy  transferred  to  particles 

•  heating  of  the  particle 
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Major  Project  Steps: 

•  Synthesize  NPs 

•  Design  EMF  Apparatus 

•  Test  for  Particle  Heating 

•  Functionalize  Nanoparticles  with  Simple  Protein 

•  Test  for  Protein  Denaturing  and  Reversibility  of  Process 

•  Functionalize  Nanoparticles  with  a  Target-Specific  Oligonucleotide 

•  Test  for  Specific  Binding  of  Functionalized  Nanoparticles  to  Target 

•  Test  for  Control  of  Target 

•  Test  Functionalized  Nanoparticles  In  Vitro  and  Determine  Cellular  Impact 

•  Test  for  Control  of  Target  In  Vitro 

•  Au  NPs 

Completed  Steps: 

•  Au  NP  formed  using  sodium  citrate  reduction  method 

•  Initial  trials  yielded  Au  NP  sizes  which  were  too  large  for  this  application  and  needed  to 
be  decreased  to  below  10  nm 
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•  Filtering  of  Au  NP  solution  seems  to  be  unnecessary  since  the  particle  size  distribution  is 
very  narrow 

•  In  some  cases  it  actually  contaminated  the  sample 

•  Au  NP  Batch  5  produced  the  necessary  sized  particles  (5  nm)  with  a  small  size 
distribution 

•  This  was  achieved  by  using  a  small  amount  of  sodium  borohydride  with  the  sodium 
citrate 

Current  Work: 

•  Testing  of  EMF  apparatus  with  Au  NPs  to  determine  heating  effects 

•  Functionalization  of  Au  NPs  with  oligonucleotides  for  target  specific  interaction 

•  Test  for  target  (protein,  DNA,  etc.)  denaturing  with  EMF  applied  to  FNMs 

•  Detect  using  spectrophotometer  (UV-Vis) 

•  Run  samples  in  DLS  to  assess  extent  of  unfolding  due  to  heating 

Modulation  of  the  immune  system  using  electromagnetic  nanoparticles:  Potential  application 
to  reverse  sleep  deprivation  and  increase  human  performance 

The  recent  strategy  of  the  Air  Force  Research  Laboratory  (AFRL)  is  to  enhance 
Intelligence,  Surveillance,  and  Reconnaissance  (ISR)  technologies  called  Universal  Situational 
Awareness  (USA).  This  proposal  engages  the  Applied  Biotechnology,  Human  Effectiveness 
Directorate  (RHPB)  in  this  mission  and  provides  an  innovative  approach  to  reverse  sleep 
deprivation  and  enhance  cognitive  performance  of  war  fighters.  In  the  present  study  natural  killer 
cells  will  be  used  as  an  immune  model  to  examine  the  interaction  of  magnetic  nanomaterials 
with  the  immune  system.  The  interactions  will  show  the  activation  of  various  cytokines  involved 
in  immune  cell  responses.  Secondly  the  Natural  Killer  cells  (NKC)  will  be  used  to  show  how  the 
magnetic  nanomaterials  are  able  to  modulate  the  production  of  cytokines.  The  cytokines 
produced  by  NK  cells  help  to  activate  other  areas  of  the  immune  system  (T  cells)  and  are  the  first 
line  of  defense  against  viruses.  The  natural  killer  cells  have  been  show  to  decrease  in  times  of 
sleep  deprivation  and  stress  such  as  wartime.  The  decrease  in  the  NK  cell  activity  allows 
warfighters  to  become  susceptible  to  illness  leading  to  a  decrease  in  human  performance  and 
cognition.  By  modulating  the  immune  production  of  cytokines  the  effects  of  stress  and  sleep 
deprivation  on  the  warfighter’s  immune  system  can  be  reversed.  The  basic  aspect  of  this 
proposal  is  the  fundamental  study  to  know  how  magnetic  nanomaterials  affect  the  immune 
system  when  it  is  exposed  to  the  materials.  The  applied  aspect  is  to  develop  nanoparticles  as 
immune  cell  modulators  to  increase  human  performance  optimization  efficiently  during  stressful 
conditions. 

Objectives: 

•  Synthesize  biofunctionalized  nanomaterials  and  translocate  them  into  desired  location 
into  cells  in  a  non-threatening  way  as  a  means  to  modulate  cellular  behavior. 

•  The  understanding  of  how  engineered  nanoparticles  of  different  geometries  interact  with 
cells  and  their  receptors 

•  Molecular  events  involved  in  nanoparticle-  membrane  receptor  binding,  endocytosis  and 
subsequent  signaling  activation. 
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•  Modulating  immune  molecular  activity  using  biofunctionalized  nanoparticles  under  the 
influence  of  electro-magnetic  field  or  infra  red  radiation 

•  Identify  novel  immune  biomolecules  involved  in  human  performance  optimization  and 
enhance  their  activity  to  assist  to  reverse  sleep  deprivation,  enhance  cognition  and 
performance 

In  the  present  study  NK  cells  will  be  used  as  an  immune  model  to  examine  the  interaction 
of  magnetic  nanomaterials  with  the  immune  system  and  their  response.  The  interactions  will 
show  the  activation  of  various  cytokines  involved  in  immune  cell  responses.  Secondly,  the 
Natural  Killer  cells  will  be  used  to  show  how  the  magnetic  nanomaterials  are  able  to  modulate 
the  production  of  cytokines.  The  cytokines  produced  by  NK  cells  help  to  activate  other  areas  of 
the  immune  system  (T  cells)  and  are  the  first  line  of  defense  against  viruses.  The  natural  killer 
cells  have  been  show  to  decrease  in  times  of  sleep  deprivation  and  stress  such  as  wartime  [136], 
The  decrease  in  the  NK  cell  activity  allows  warfighters  to  become  susceptible  to  stress 
conditions  leading  to  a  decrease  in  human  performance  and  cognition.  By  modulating  the 
immune  production  of  cytokines  the  effects  of  stress  and  sleep  deprivation  on  the  warfighter’s 
immune  system  can  be  reversed. 

The  basic  aspect  of  this  proposal  is  the  fundamental  study  to  know  how  magnetic 
nanomaterials  affect  the  immune  system  when  it  is  exposed  to  the  materials.  The  applied  aspect 
is  to  develop  nanoparticles  as  immune  cell  modulators  to  increase  human  performance 
optimization  efficiently  during  stressful  conditions. 

Air  Force  Relevance: 

Air  Force  Pilots  are  expected  to  fly  missions  lasting  10-25  hours  with  mid  air  fueling, 
leading  to  extreme  sleep  deprivation.  Many  airmen  also  find  sleep  difficult  under  stressful 
wartime  conditions  leading  to  sleep  deprivation.  This  sleep  deprivation  has  an  important  impact 
on  the  health  of  these  airmen.  According  to  Gomez  et  al.  [137]  during  intense  training,  the  levels 
of  natural  killer  cells  decreased  leading  to  an  increase  in  respiratory  infections  [136].  Dimitrov 
et.  al  [138]  also  showed  the  effects  of  sleep  on  the  immune  system,  they  showed  after  sleep  the 
levels  of  IL-12  were  increased  and  the  response  of  the  immune  system  was  greatly  enhanced.  IL- 
12  activates  natural  killer  cells  therefore  these  results  also  show  that  natural  killer  cells  are 
increased  with  sleep.  If  more  natural  killer  cells  were  activated  the  immune  response  would  be 
left  unchanged  in  times  of  sleep  deprivation  and  airmen  would  be  able  to  perform  optimally.  The 
effects  of  sleep  deprivation  on  the  immune  system  show  reductions  in  biomolecules  leading  to 
reduction  of  warfighter  performance  optimization.  Using  a  technique  called  magnetism  based 
interaction  capture;  the  expression  of  certain  biomolecules  can  be  enhanced  leading  to  an 
increase  in  activation  of  the  immune  system  and  enhanced  warfighter  performance. 

Approach: 

Natural  Killer  Cells  (NKC)  are  important  in  the  innate  immune  response  and  specialize 
in  killing  stressful  infected  cells  such  as  virus  infected  cells  and  abnormal  growing  cells.  NK 
cells  are  large  granular  lymphocytes  that  do  not  express  T  cell  receptors,  or  immunoglobulins. 
On  the  outside  of  NKCs  is  the  ability  to  recognize  MHC  (Major  histocompatability  complex) 
proteins  and  if  a  cell  carries  the  MHC  protein  it  is  not  killed  by  NKCs.  Interleukin  12,  which  is 
produced  by  dendritic  cells  and  macrophages  activates  Natural  Killer  cells.  NKCs  are  also 
activated  by  several  other  cytokines  such  as  gamma  interferon.  Using  magnetic  nanoprobes 
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the  intracellular  signaling  pathway  involved  with  activation  of  natural  killer  cells  can  be 
determined  and  the  activation  of  the  natural  killer  cells  can  be  enhanced.  By  inducing  a 
magnetic  field  the  superparamagnetic  nanoparticles  will  be  drawn  to  the  areas  where  the 
natural  killer  cells  have  been  depleted  and  IL-12  is  needed  to  activate  the  cells. 

Based  on  previous  research  in  sleep  deprivation  [136,139]  NK  cells  were  chosen  as  a  cell 
model.  NK  cells  were  ordered  from  the  ATCC  (#CRL-2408)  with  IL-2  transfected  in  the  cells, 
allowing  for  easier  growth.  The  media  used  was  minimum  essential  media  without  ribosomes, 
with  the  addition  of  18  mg  Inositol,  4.4  mg  Folic  acid,  2  mLs  (3-mercaptoethanol,  5  mL  L- 
glutamine,  0.75  g  sodium  bicarbonate,  62.5  mL  Horse  serum,  62.5mL  FBS  normal.  The  cells 
were  grown  in  10  mL  of  media,  which  was  changed  every  2-3  days. 

The  magnetic  nanoparticles  will  be  synthesized  as  superparamagnetic  iron  oxide 
nanoparticles  with  a  florescent  tagging  and  silica  shell.  They  will  be  linked  with  a  molecule  of 
interest  to  the  NK  cell  receptor  which  will  allow  for  binding  and  uptake  into  the  cell.  The  uptake 
and  binding  will  be  measured  with  cytokine  production.  Synthesis  of  biofunctionalized 
nanomaterials  will  be  conducted  in  collaboration  with  materials  scientists. 

•  Uptake  and  translocation  to  the  desired  location  into  cells 

o  The  superparamagnetic  nanoparticles  will  be  added  to  the  NK  cells  and  their 
toxicity  will  be  determined  using  MTT,  LDH  and  ROS  assays.  After  it  is 
determined  that  the  particles  are  non-toxic  they  will  be  linked  with  a  molecule  of 
interest  to  the  NK  cell  receptors.  By  using  a  ligand  the  particles  will  be  brought 
directly  to  the  NK  cells  and  their  uptake  can  be  measured  using  confocol 
microscopy. 

•  How  engineered  nanoparticles  of  different  geometries  interact  with  cells  and  their 
receptors. 

o  The  receptors  involved  in  binding  could  be  several  receptors  on  the  NK  cell 
surface  such  as  FcR,  CD3  or  killer  cell  lectin  like  receptor  [137].  Particles  of 
different  size  and  geometry  will  be  synthesized  and  used  to  determine,  which 
binding  receptors  are  able  to  bind  the  particles  and  activate  different  cytokines.  As 
shown  in  figure  73,  the  NK  cells  have  inhibitory  and  stimulatory  receptors,  which 
will  have  specific  binding  for  the  various  geometries  of  particles  to  be  used. 
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Figure  73.  The  stimulatory  and  inhibitory  receptors  on  the  surface  of  NK  cells  and  the 
signaling  pathways  involved  with  their  activation.  Neuro Immune  Biology:  Vol.  3:  The 
Immune-Neuroendocrine  Circuitry  [140]. 


95 


•  Molecular  events  involved  in  nanoparticle-  membrane  receptor  binding,  endocytosis  and 
subsequent  signaling  activation 


o  Endocytosis  of  the  particles  is  possible  through  the  FcR  receptor  as  shown  in 
figure  74.  The  particles  could  also  possibly  bind  to  the  CD3  and  Lectin  like  killer 
receptor  [137].  After  binding  these  receptors  induce  a  signaling  pathway  which 
can  be  measured  by  the  inflammatory  response,  gene  expression  and  cytokine 
production. 
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Figure  74.  FcR  receptor  mediated  phagocytosis  and  the  effects  on  gene  expression  and 
inflammatory  cytokine  production.  Nature,  August  2007(2)  469-478  [141]. 
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Control  or  modulate  immune  molecular  activity  using  biofunctionalized  nanoparticles 
under  the  influence  of  electro-magnetic  field  or  infra  red  radiation 

o  By  using  the  iron  oxide  superparamagnetic  nanoparticles  the  binding  of  these 
particles  to  the  NK  cell  receptors  can  be  increased  by  induction  of  the  magnetic 
field.  The  magnetic  field  will  be  able  to  guide  the  particles  to  the  receptor  leading 
to  an  increase  in  activity  of  NK  cells  and  an  increased  cytokine  response.  The 
magnetic  field  will  allow  for  the  control  of  the  immune  cells  and  the  ability  to 
modulate  them  in  times  of  stress  and  sleep  deprivation. 

Identify  novel  immune  biomolecules  involved  in  human  performance  optimization  and 
enhance  their  controlled  activity  to  assist  to  reverse  sleep  deprivation,  enhance  cognition 
and  performance. 

o  IL- 1 ,  IL-6  and  TNF-alpha  are  secreted  by  the  immune  cell  macrophages  which  act 
inside  the  brain  to  create  the  stress  response.  In  a  study  by  Maier  and  Miller,  it 
was  found  that  by  blocking  these  cytokines  or  the  binding  of  them  to  the  receptors 
the  “stress  or  sick  response”  was  stopped.  If  these  cytokines  were  administered 
without  any  actual  stress  the  individuals  felt  stressed  without  reason.  The  process 
works  by  IL-1  binding  to  the  vagus  nerve  causing  the  brain  to  secrete  its  own  IL-1 
leading  to  the  increase  and  thus  the  “sickness  response.”  Stress  can  trigger  the 
same  response,  but  instead  of  starting  in  the  body  the  cytokines  are  released  in  the 
brain  and  cause  the  person  to  feel  stress.  By  blocking  the  release  of  IL-1  the 
warfighters  would  feel  more  aware,  less  depressed  and  less  anxious  therefore 
increasing  their  cognition  and  performance  [142], 
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ABBREVIATIONS 


A549 

Ag 

A1 

A1203 

ANOVA 

ASC 

ATCC 

Au 

BDAC 

BIN 

Cl 8-4  cell  line 

C60 

CNx-MWCNT 

C02 

COx-MWCNTs 

CTAB 

DCFH-DA 

DLS 

DMEM/Ham’s  F 

EDAX 

EDTA 


Human  alveolar  epithelial  cell-line 

Silver 

Aluminum 

Aluminum  oxide 

One-way  Analysis  of  Variance 

Aeronautical  System  Center 

American  Type  Culture  Collection 

Gold 

Benzyldimethylhexadecylammonium  chloride 

Biological  Interactions  of  Nanomaterials 

Transfected  type  A  Spermatogonia  with  large  T  antigen  gene 

Fullerene 

MWCNT  doped  with  nitrogen 
Carbon  dioxide 

MWCNT  functionalized  with  carbonyl  groups 
Hexadecyltrimethylammonium  bromide 
2  ’  ,7  ’  -Dichlorodihydrofluorescein  diacetate 
Dynamic  light  scattering 

12  Dulbecco's  modified  Eagle's  medium/Nutrient  F-12  Ham’s  media 
Energy  dispersive  analysis  using  x-ray 
Ethylenediaminetetraacetic  acid 
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ESH 

Environmental,  Safety  and  Health 

FBS 

Fetal  bovine  serum 

eft 

Fast  fourier  transform 

FNM 

Functionalize  nanomaterial 

GDNF 

Glial  cell  line-derived  neurotrophic  factor 

HaCaT 

Human  keratinocyte  cell-line 

HEM 

HaCaT  exposure  media 

HBSS 

Hank’s  balanced  salt  solution 

HC 

Hydrocarbon 

HEE-30 

Mouse  keratinocyte  cell-line 

hFOB 

Human  fetal  osteoblasts 

HRP 

Horseradish  peroxidase 

IE-ip ,  IE-1,  IE-6 

Pro-inflammatory  cytokines 

LDH 

Lactate  dehydrogenase 

LDV 

Laser  doppler  velocimetry 

MAC 

Rat  alveolar  macrophage  cell-line 

MEM 

Macrophage  exposure  media 

MHC 

Major  histocompatability  complex 

mL 

Milliliter 

MMP 

Mitochondrial  membrane  potential 

MRSA 

Methicillin-resistant  Staphylococcus  aureus 

MTS 

3-(4,5-dimethylthiazol-2-yl)-  5-(3-carboxymethonyphenol)-2-(4- 

sulfophenyl)-2H-tetrazolium 
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MURI 

Multidisciplinary  Research  Initiative 

MWCNT 

Multi-walled  carbon  nanotubes 

N 

Normal 

NKC 

Natural  killer  cells 

ng 

Nanogram 

nm 

Nanometer 

NP 

Nanoparticle 

OA 

Oleic  acid 

OD 

Optical  density 

PBS 

Phosphate  buffered  saline 

PCR 

Polymerase  chain  reaction 

Pen/strep 

Penicillin/  streptomycin 

PES 

Phenazine  ethosulfate 

PS 

Polysaccharide 

RET 

Rearranged  during  transfection 

ROS 

Reactive  oxygen  species 

SD 

Standard  deviation 

SEM 

Scanning  electron  microscopy 

SFK 

Src  family  kinase 

Si02 

Silicon  dioxide  (Silica) 

STEM 

Scanning  transmission  electron  microscopy 

SWCNT 

Single-walled  carbon  nanotubes 

TEM 

Transmission  electron  microscopy 
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Ti02 

Titanium  dioxide 

TNFa 

Pro-inflammatory  cytokines 

U937 

Human  alveolar  macrophage  cell-line 

UC 

Uncoated 

uv 

Ultra-violet 

XPS 

X-ray  photoelectron  spectroscopy 

XRD 

X-ray  diffraction 

ZnO 

Zinc  oxide 

pL 

Microliter 

|iun 

Micrometer 
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